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The porphyroblastic pelitic schists of western Maine are ideal for studying the
deformation and metamorphism that accompanies pluton emplacement. A regional lowpressure, high-temperature metamorphic event affected the areally extensive Silurian
sediments with the thermal peak occuning ca. 404 Ma. This metamorphism produced the
widespread assemblage staurolite + andalusite + biotite +I- garnet, and occurred during
the late stages of development of a northeast-trending, steeply-dipping axial-surface
foliation. A period of extensive plutonism accompanied and followed this Acadian-aged
deformation and metamorphism. This study focuses specifically on the contact aureole
of the Mooselookmeguntic pluton emplaced ca. 370 Ma. Contact metamorphism
accompanied the development of a gently northeast-dipping, crnplacement-related,
foliation that varies from a crenulation cleavage in the middle and outer portions of the
aureole, to an intense pervasive foliation proximal to the pluton margin. The deformation
and metamorphic aureole of this pluton provides a rare opportunity to study the

progressive development of crenulation cleavage, and to evaluate porphyroblast
kinematics across a clearly defined deformation gradient.
Staurolite porphyroblasts in the pelitic country rocks preserve spectacular
inclusion trails, the three-dimensional orientations of which can be used to evaluate the
geometric and kinematic development of the crenulation cleavage. Outside the pluton
aureole, staurolite porphyroblasts overgrow the regional axial surface foliation,
preserving straight inclusion trails that are continuous with the matrix foliation. This
microstructure is consistent over a large area, and as such can be used as a "control" to
evaluate the structural and metamorphic effects of crenulation cleavage development
along transects across the pluton-related thermal gradient. Porphyroblast inclusion trails
vary systematically from areas of the "control" microstructure outside the aureole
through the deformation gradient towards the pluton. This variation provided an
opportunity to evaluate the relations among porphyroblast kinematics, crenulation
cleavage development and the dominant deformation mechanisms during progressive
foliation development.
The kinematic behavior of porphyroblasts during crenulation cleavage
development has been examined in previous studies, but this thesis represents the first
detailed examination across a clearly defined deformation gradient. This study provides
new results that demonstrate conclusively that porphyroblasts rotate relative to one
another during crenulation cleavage development, and that their kinematic behavior
varies in relation to a change in the dominant deformation mechanism at specific stages
of crenulation cleavage development. Rotation of porphyroblasts during crenulation
cleavage development is intimately linked to the mechanisms of cleavagc formation.

Strain in the early stages of crenulation cleavage development is accommodated by
dissolution-precipitation creep of quartz and feldspar. Consequently, there is little to no
relative rotation of porphyroblasts during the onset of crenulation cleavage. When the
crenulation cleavage evolves to the stage where there are no longer significant amounts
of quartz and feldspar to dissolve from the phyllosilicate-domains the principle
deformation mechanism probably changes to a combination of dislocation creep and
diffusion creep. This change in dominant deformation mechanism lead to an increased
stress couple between the porphyroblast and the deforming matrix, resulting in the
relative rotation of porphyroblasts during the later stages of fabric development.
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Chapter 1: Introduction
The deformational and metamorphic aureole of the Mooselookemguntic pluton in
western Maine provides a rare opportunity to study the evolution of crenulation cleavage,
and to simultaneously evaluate related porphyroblast kinematics across a deformation
gradient. The aureole is unusual in that the emplacement-related deformation is
expressed as a crenulation cleavage that progressively intensifics with proximity to the
pluton contact. Staurolite porphyroblasts from the pelitic country rock preserve
spectacular inclusion trails, the 3-dimensional orientations of which can be used to
evaluate the kinematics of this progrcssive fabric dcvelopment. Porphyroblast kinematics
during crenulation cleavage development have been examined in previous studies, but not
across a clearly defined gradient in fabric intensity. This study provides new results that
demonstrate conclusively that porphyroblasts rotate rclative to onc another during
crenulation cleavage development, and that thcir kinematic behavior is related to a
change in the dominant deformation mechanism that occurs at a spccific stage in the
evolution of a crenulation cleavage.

1.1 Geologic Setting
The study area lies within the Central Maine Belt, the stratigraphy and structure of
which have been we11 described in previous studies (e.g., Moench, 1966, 1970, 1971;
Moench and Hildreth, 1976; Moench and Pankiwskyj, 1988; Moench et al., 1999; Solar,
1999; Figures 1.1 & 1.2). These are Laurentian-derived, Silurian-Devonian marine
elastic sediments that form the cover sequence between rocks of Laurcntian affinity and
the Ganderian microcontinent (Tomascak ct al., 2005).

Figure 1.1. Study area location. The study area is located within the Siluro-Devonian
Central Maine Belt of western Maine. Detail shows the location of Figure 1.2 on the
eastern edge of the Mooselookmeguntic pluton.

Figure 1.2. Bedrock geologic map and structural measurements of the study area. (after Moench and Hildreth, 1976)

The Rangeley stratigraphic sequence, thc typc locality of which occurs just northwest of
the study area, consists of seven conformable meta-turbidite formations (e.g., Moench
and Hildreth, 1976). Five of these units are assigned to the Silurian (Greenvale Cove,
Rangeley, Perry Mountain, Smalls Falls and Madrid Formations) and two are assigned to
the Devonian (Carrabassett and Hildreth's Formations). The base of this sequence
conformably overlies the late Ordovician Quimby meta-volcanic rocks. The two major
Silurian-age units found in the study area are the Rangeley and Perry Mountain
Formations. The Rangeley Formation is a 3000 m-thick sequence, grading from a
predominantly conglomerate facies at the bottom to a complexly-interbeddcd metashalemetasandstone turbidite sequence at the top (Moench and Pankiwskyj, 1988). The Perry
Mountain Formation conformably ovcrlies the Rangeley Formation and is composed of
evenly-spaced, sharply-interbedded metashale-metasandstone layers of turbidite beds
(Moench and Pankiwskyj, 1988). In both of these units, pelitic compositions are
abundant and porphyroblasts of biotite, garnet, staurolite and aluminosilicatc formed
wherever the metamorphic grade was sufficiently high (e.g., Guidotti 1970a). West of
the study area, the sulfidic Smalls Falls Formation and calcareous Madrid Formation
complete the Silurian section.
During the Devonian Acadian Orogeny, the northern New England Appalachians
were deformed at mid-crustal levels resulting in northcast-southwest trending, tight to
isoclinal folds of the Rangeley sequence with associated axial surfacc foliation (SI)(e.g.,
Moench et al., 1999). Following the Acadian Orogeny, the area underwent a period of
granitic intrusion spanning approximately 400 to 370 Ma (c.g., Solar et a]., 1998). This
elevated hcat flow resulted in a thermal overprint of the Acadian deformation and

metamorphism. One such intrusion, the Mooselookmeguntic pluton, comprising the
western edge of the study area, was locally responsible for thc development of a thermal
gradient that overprints the regional metamorphism recorded in the surrounding rocks
(discussed below). The Mooselookmeguntic pluton is a composite body comprised of a
two-mica granite, and possibly several units of biotite-hornblende granodiorite, tonalite,
quartz monzanite, or quartz diorite (Moench et al., 1999). U/Pb zircon and monazite
geochronology indicate crystallization of the granite and associated contact
metamorphism at ca. 370 Ma (Smith and Barreiro, 1990; Solar et a]., 1998). The twomica granite has a gently east-dipping contact with the overlying country rock and
consequently its associated zone of contact metamorphism is very broadly developed,
extending at least 10 km to the east.
In addition to this thermal aureole, a deformation gradient is associatcd with the
Mooselookmeguntic pluton, and serves as the impetus for this thesis. Moench (1966,
1970; Moench and Zartman, 1976) recognized that the S2 crenulation cleavage, or "slip
cleavage", formed the axial surface to folds genetically and spatially associated with the
emplacement of the pluton. This crcnulation cleavage is associated with nearly
ubiquitous small microfolds that become progressively more intensely developed with
proximity to the pluton contact. A 3-dimesional reconstruction of the structural relations
just north of the study area, including pluton-related folding, is shown in Figure 1.3.
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1.2 Metamorphic Historv
The study area was affected by two prominent metamorphic episodes referred to
by Guidotti (1 970a) as M2, the peak regional metamorphism, and M3, the contact
metamorphism associated with emplacement of the Mooselookmcguntic pluton. The
Acadian-aged, regionally extensive, low-pressure, high-temperature metamorphic event
(M2), is characterized by staurolite + andalusite + biotite

+ garnet porphyroblasts in a

quartz + plagioclase + muscovite matrix (Guidotti, 1970a, 1974). Peak regional
metamorphism during M2 was reached at ca. 400-405 Ma, occurring very late during the
Devonian-aged Acadian deformation (Smith and Barreiro, 1990; Solar et a]., 1998; T.
Johnson et al., 2003). The late occurrence of peak regional metamorphism was
recognized early by Moench (1970, p. 147I), who noted that "metamorphic textures
suggest that this metamorphism took place in a nearly static environment or locally in a
weak stress environment that was unrelated to that which produced the slaty cleavage
(S,)." Solar and Brown (1999) later providcd microstructural observations in support of a
very late syntectonic peak of M2 metamorphism.
The M2 assemblage was overprinted by a metamorphic gradient (M3) associated
with emplacement of the Mooselookmeguntic pluton. As pluton emplacement is dated at
ca. 370 Ma, it postdates the Acadian-age deformation in the region by ca. 30 Ma, during
which time the rocks probably cooled to ambient temperatures (e.g., DeYoreo et al.,
1989, 1991). The thermal overprinting of the M2 assemblage resulted in a prograde
metamorphism of the rocks adjacent to the pluton to sillimanite gradc, and retrograde
metamorphism of the rocks further away from the pluton to garnct grade. There is a
'transition zone' approximately 1 km from the pluton where the M3 metamorphic

overprint was essentially the same grade as the M2 metamorphism, though it occurrcd at
a slightly higher pressure. In essence, this transition zone is a "hinge" of relative

metamorphic intensity (Guidotti, 1970, 1974; Guidotti and Johnson, 2002).

Chapter 2: Thermal Framework
A coupled thermal and mechanical solution is neccssary to filly understand the
evolution of the aureole of the Mooselookmeguntic pluton. This coupling would include
the conductive and advective transfer of heat and the strain rate in the country rock,
which depends on the relationship between the dissolution-precipitation deformation
mechanism and the thermal state of the rock, as well as on the fluid content. The
apparent length scales of conduction during emplacement are shortened as the rocks are
shortened. The rate of shortening is controlled by dissolution-precipitation
accommodated strain in the wall rock (see Chapter 6) which is in turn dependent on the
temperature of the rock and the amount of fluid present (e.g., Patcrson, 1995). The
thermal state of the rock is controlled by the relative efficiency of conductive versus
advective cooling of the pluton. Advection of fluid will not only increase the rate of heat
transfer, it will increase the rate of deformation by dissolution-precipitation in the wallrock. A full treatment, including a numerical simulation, of this three-way coupling
between heat transfer, fluid flow, and deformation is beyond the scope of this thesis. For
a more complete treatment see Johnson ei a/., inprep. Presented below is a conductive

~ ~ Consulting
thermal model from Johnson et a/.,inprep, developed using F L A C (Itasca
Group, Inc., 2002) to approximate the characteristic thermal times associated with an
idealized, instantaneous emplacement of the Mooselookmeguntic pluton.

2.1 Thermal Evolution of the Mooselookmeguntic Aureole
Gravity and geologic observations suggest that the Mooselookmeguntic pluton is
a sheet-like body, approximately 1-2 km thick, gently dipping -5" to the northcast

(Carnese, 1981 ;DeYoreo et al, 1989; Bothner and Kucks, 1993). This inferred geometry
is also supported by gently-dipping M3 metamorphic isograds (Guidotti, 1970, 1974),
pluton-country rock contacts observed in the field, and by the orientation of the magmatic
fabric preserved in the pluton (Moench, 1966, 1970; Solar, 1999; Solar and Brown,
1999). The currently exposed aureole above the Mooselookmeguntic pluton experienced
contact metamorphic conditions consistent with a depth of approximatcly 14-17 km (e.g.,

T. Johnson et al., 2003; Henry et a]., 2005). In addition, these rocks had been regionally
metamorphosed (M2 of Guidotti, 1970, 1974) to temperatures of approximately 550590°C (T. Johnson et al., 2003), and thus had previously been subject to the primary
dewatering reactions associated with the breakdown of chlorite.
The critical observation in the Mooselookmeguntic aureole is that the M3 peak
metamorphic assemblage post-dates the crenulation cleavage development. This
observation provides a very useful constraint to determine the timing of pluton
emplacement. Deformation in the aureole must have been complete before the peak
metamorphism occurred. If it is assumed that M3 metamorphism is the result of
conductive heat transfer in the aureole, then a purely conductive solution applied
immediately after pluton emplacement provides an estimate of the time to reach peak
temperature at any point in the pluton aureole. Advective expulsion of heat may be faster
than conduction in rocks, thus a purely conductive solution may provide an estimate of
the time scale of the thermal perturbation associated with pluton emplacement. For the
purposes of this analysis conductive cooling is considered to have played a dominant role
in the thermal evolution of the aureole.

There are two end-member models by which we can describe pluton emplacement
as it relates to crenulation clcavage development in the deformation aureole. The first
assumes instantaneous emplacement. The second is a progressive filling of the magma
chamber (e.g., Gerbi et al., 2004). In the first model, the crenulation cleavage must
develop nearly instantaneously in wall rocks near ambient temperatures. Conversely, in
the second model, the crenulation cleavage may develop over a geologically significant
time in wall rock that is progressively heated above ambient temperatures. Progressive
emplacement will result in a thermal aureole that may be wider than the aureole
associated with instantaneous emplacement (discussed bclow).
The first model assumes a geologically-instantaneous emplacerncnt of the pluton
with the crenulation cleavage developing just prior to emplacement. This model is the
most simplistic yet is consistent with geologic observations (e.g., mineral assemblages
and spacing of the isograds) in the Mooselookmeguntic deformation aureole. If the
pluton is assumed to be instantaneously emplaccd, thcn forceful pluton emplacement is
the only driving force for crenulation cleavage development. Additionally, hot magma is
juxtaposed against wall rocks of an ambient temperature of 430°C Therefore thc thermal
pulse must have persisted after crenulation cleavage development was complete.

2.2 Thermal Modeling
Owing to the relatively slow rate of heat transfer by conduction, previous studies
of the thermal evolution of pluton aureoles have assumed instantaneous pluton
emplacement (e.g., Bowers et al., 1990). Although this is inadcquate for examining the
details of the coupled thermal and mcchanical evolution of pluton aureoles, most
previous studies have been concerned with conductivc thermal evolution. Conductive

cooling models with instantaneous pluton emplaccrnent can fit the observed thermal
structure of the Mooselookrneguntic aureole (i.e. field isograd patterns) and may serve as
a good starting point for modeling the thermal and mechanical evolution of the pluton
and surrounding rock.
A relatively straightforward first approximation of the thermal evolution of the

Mooselookmeguntic aureole can be achieved analytically. An analytical solution can be
constructed for the conductive decay time of a thermal perturbation relating the
characteristic length (A ) to the thermal diffusivity

(K).

The characteristic time for decay

of a thermal perturbation can be approximated using the relationship:

A= JFd

(2-1)

An analytical approximation of the length and time of a thermal perturbation
resulting from the intrusion of the Mooselookmeguntic pluton is detailed in Figure 2.1.
The thermal difhsivity of crustal rocks is on the order of 1.0 x 10-6m2/s (Clauser and
Huenges, 1995). The sensitivity of thc analytical solution was tcstcd by using

~ and 2.0 x 1 0 ' ~ m2/s as geologically reasonable upper and
diffusivities of 0.5 x 1o - m2/s
lower bounds. The analytical solution with a thcrmal diffusivity of 1.1 x 10-6m2/s
indicates that a thermal perturbation will take 50,000 years to travel 1.3 km through the
aureole.

Figure 2.1. Characteristic length scales for the decay of a thermal perturbation by
conductive cooling. This solution uses the approximation: L= (iCt)'12. Three different
thermal difhsivities (K) were used in this analytical solution: 0.5 x
m2/s, 1.1 x
m2/s, 2.0 x 10-6m2/s. The thermal difhsivity of 1.1 x 10-6m2/s is a typical value for
crustal rocks at 600°C (Clauser and Huenges, 1995). The two other curves represent
upper and lower bounds of geologically relevant thermal difisivities.

2.3 The Case of Instantaneous Pluton Emplacement
The thermal evolution of the Mooselookmeguntic aureole was also solved numerically by
,
difference thermal and mechanical
Johnson et al. (in prep) using F L A C ~ a~finite
modeling platform. To investigate the temperature-time evolution of a column of rock
above the pluton, a numercial modcl was constructed in the form of a box with
dimensions x=20 km, y=10 km, 2=12 km (Figure 2.2). A 2 km thick volume is defined as
the model pluton at a depth of 14 km. Directly above this model pluton is a volume with
tight grid-point spacing for increased resolution of the thermal evolution adjacent to the
heat source. The model pluton is sufficiently removed from the positive x boundary to
ensure that the thermal evolution adjacent to the sheet is not affected. A position 5 km
from the right-hand end of the sheet and centered along the y-axis is used to track the
temperature-time history of 20 gridpoints spaced 50 m apart above the pluton (see
enlargement in Figure 2.2). Although this x-position is somewhat arbitrary, it is
consistent with the general position above the northeastern edge of the pluton, and it is
not close enough to the right-hand margin of the sheet to experience significant cdge
effects.
Boundary conditions for this model assume a temperature of 0°C at the surface,
and a background temperature at the upper pluton interface prior to its emplacement of
approximately 430°C, leading to a linear geotherm of 3 1°C/km above the sheet. A linear
geotherm is used the model focuses on the thcrmal evolution of rocks within 1 km above
the pluton. Further, it is assumed that the rocks in the aureole directly above the pluton
were metamorphosed during emplacement at a minimum pressure of 4.0 kb (T. Johnson
et al., 2003; Henry et al., 2005). An initial temperature of 850°C for thc 2 km thick sheet
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Figure 2.2. Diagram of the modcl geometry and numerical solutions. A) Central section
through the physical model used in numerical experiments, perpendicular to the ydimension. Shaded region represents the 2km thick intrusive sheet. Detail at right shows
the tight 50m grid spacing and nodes wherc thermal histories were recorded (sec Figure
2.3). B-E) Contours of temperature through time during conductive cooling of the intrusive sheet.

is assumed and the overlying column of rock is assigned an isotropic thermal diffi~sivity
(K)

of 1.1 X I 0-6 m2IS (see above). The time step of the model is 8.791x108 s (27.87 years).
The results of the numerical solution of the thermal evolution of the

Mooselookmeguntic pluton aureole are depicted in Figures 2.2,2.3, and 2.4. Figure 2.2be shows the distribution of isotherms at 4 time steps, and Figure 2.4 shows the
temperature-time history for 10 points above the pluton along the line shown in Figure
2.2a. The maximum temperatures reached for each of these points above the pluton were
used to create a plot of temperature versus orthogonal distance above the pluton and time
to peak temperature (Figure 2.4). The numerical simulation shows that peak ternpcrature
1 krn above the pluton was reached at -50,000 years, with no significant change in
temperature after -25,000 years (Figure 2.4). This result is consistent with the simple
analytical solution discussed above (Figure 2.1).
As stated above, deformation associated with pluton intrusion must have been
completed in all rocks bcfore the peak of metamorphism. This observation, coupled with
the characteristic thcrmal times discussed above can be used to placc an upper time limit
for the evolution of the aureole. This simple conductive trcatment of the thermal
evolution of the Mooselookmeguntic pluton aureole and the time constraint that it
provides is sufficient for the calculation of order-of-magnitude approximations of strain
rates in the aureole. A full thermo-mechanical solution is necessary to understand the
evolution of the aureole in the context of a three-way coupled system of conductivc
cooling, advective cooling and deformation. Aspects of this coupling are highlighted
below.
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Figure 2.3. Temperature-time histories above the modeled pluton (see Figurc 2.2). Histories are recorded at nodes at 100m spacing above thc pluton. Temperature was recorded
at each node every 27.87 years during the model run.

Peak temperature vs orthogonal distance from pluton and time to peak T
Time to peak temperature (years)

Orthogonal distance from pluton contact (m)

Figure 2.4. Plot of the time to peak temperature. Plotted at increasing orthogonal distance
from the pluton contact for the conductive cooling model. Temperature was recorded at
50-meter intervals in a column of rock overlying a model pluton (see Figure 2.2).

2.4 The Case of Progressive Pluton Emplacement
The converse of the instantaneous emplacement model is an end-member model
of gradual pluton growth. Plutons may grow by multiple magmatic pulses, with magma
chambers lasting on the order of hundreds of thousands to millions of years (Johnson et
al., 2001; Johnson et al., 2003; Gerbi et al., 2004). The thermal evolution of the
metamorphic aureole in such a case will last significantly longer than the instantaneousemplacement model considered above. The time available for crenulation cleavage
development during the progressive growth of the pluton is dcpendant on the time it takes
the pluton to fill. Although the thermo-mechanical solution is more complex than an
instantaneous emplacement solution, aJer pluton growth stops, the conductive solution
will be similar to the solution presented above.
A major difference between the instantaneous and progressive emplacement
models is the ambient temperaturc of the countly sock aftcr the cessation of pluton
growth (Figure 2.5). Progressive emplacement of a pluton will result in thc heating of the
wall rock during cmplacement. The resulting thermal profile after empIacement ceases
(shown schcmatically in Fig 2.5b) is that of elevated wall rock tcmperatures proximal to
the pluton. This results in a increased thickness of the thermal aureole and of the
associated metamorphic zones. AlternativeIy, the thermal aureole of an instantaneously
emplaced pluton may be approximatcd by progressive empIacemcnt at a lower intrusion
temperature.
If pluton emplacement is not instantancous, the following arc some aspects that
need to be considered to examine couplcd thermo-mechanical models (i.e. what drives it
and what limits it). The rate-controlling process for pluton emplacement may bc
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Figure 2.5. Conceptual diagram of the dccay of a thcrmal perturbation. Two cases are
shown: 1) the instantaneous emplacement of a pluton and 2) the progressive emplacement
of a pluton. The line 'to' indicates the thermal profile at the time when pluton growth
ceases. The subsequent family of curves (I b & 2d) rcpresent the thermal evolution of the
pluton aureole.

conductive heat transfer, advective heat transfer by a fluid, or strain rate controls in the
wall rock. The rate of filling may be controlled by the maximum strain rate achievable in
the wall rocks. Deformation during crenulation cleavage development, at least initially,
is accommodated by dissolution-precipitation creep (see Sections 3.1.2,6.2). Therefore,
the maximum strain rate is a finction of temperature and fluid content. In addition to
these "speed limit" considerations, the stress generated by a magma chamber emplaced in
the middle crust must also be considered.
The most important constraint on future modeling provided by this thesis is the
observation that the growth of peak M3 minerals associated with pluton emplacerncnt are
undeformed.

Chapter 3: Review of Crenulation Cleavage Development and
Porphyroblast Kinematics
To evaluate porphyroblast kinematics during crenulation cleavage development in
the aureole of the Mooselookmeguntic pluton it is essential to first review the past studies
found in the literature. This chapter presents reviews of the geometric models of
crenulation cleavage development and studies of porphyroblast kinematics during
deformation.

3.1 Crenulation Cleavage Development
Crenulation cleavage is one of the most common fabrics in multiply-deformed
pelitic rocks (e.g., Gray, 1979a,b; Johnson, 1999a,b; Williams et al., 2001), and generally
forms as an axial surface fabric to larger scale folds (Figure 3.1). Porphyroblast inclusion
trails commonly mimic the geometry of the surrounding crenulations and this observation
has led many workers to link porphyroblast kinematics to crenulation cleavage
development (e-g., Schoneveld, 1979; Williams and Schoneveld, 1981; Bell and
Rubenach, 1983; Bell, 1985; Johnson, 1999a,b,c). The relationships between
porphyroblast kinematics and crenulation cleavage development are discussed in Section

3.2.
Because crenulation cleavage development reflects the accommodation of strain
and mass transfer during progressive deformation, an understanding of its evolution is
paramount for understanding the rheological evolution of the middle crust. Historically,
past studics of the development of crenulation cleavage have focused either on the
geometrical/kinematic evolution (c.g., Cosgrove, 1976; Gray, 1977, 1978, 1979a,b;

'MI- folds

Axial Surface Crenulation Cleavage

Figure 3.1. Relationship of a crenulation cleavage to a larger fold structure. The assymmetry of the crenulation changes across the axial plane of the large foId. A 'positive'
sense of apparent porphyroblast rotation (as discussed by Schoneveld, 1979 alld Williams
and Schoneveld, 1981) is indicated by the arrows (clockwise on the lefl limb of the fold)
This sense of apparent rotation is the samc as the rotation imparted by flexural flow (see
Section 3.2 for a discussion porphyroblast kinematics).

Schoneveld, 1979; Williams and Schoneveld, 1981;Bell and Rubenach, 1983; Johnson,
1999) or chemical evolution (e.g., Worley et al., 1997; Williams et al., 2001 ; Starkey,
2002).
Chemical analysis is commonly employed to study metamorphically
differentiated fabrics (e.g., Gray and Durney, 1979; Ague, 1991; Williams, 1994; Worley
et al., 1997; Williams et al., 2001). Geochemistry has been used to document the silica
budget (Ague, 1991) and to track mass transfer of feldspar (Williams et al., 2001) and
mica (Worley et a]., 1997; Williams et al., 2001) during crenulation cleavage
development. An initial aim of this thesis was to document the geometrical evolution and
chemical aspects of mass transfer associated with the development of a crenulation
cleavage. Williams et al. (2001) have shown that mass transfer during crenulation
cleavage formation can be tracked using the compositional zoning in plagioclase and
mica. Attempts to couple the geometrical and chemical aspects of crenulation cleavage
development, using chemical zoning maps from the electron microprobe, were
unsuccessful in the rock from the aureole of the Mooselookmeguntic pluton because
zoning in plagioclase is relatively uncommon. Therefore, this thesis does not address the
chemical aspects of crenulation cleavage development in these rocks.

3.1.1 Geometrical evolution of crenulation cleavage
The strain aureole of the Mooselookmeguntic pluton preserves all stages of the
progressive development of a single crenulation cleavage. In addition, the pluton postdates the Acadian Orogeny by -30-35 Ma, and the crenulation cleavage in the aureole is
unaffected by subsequent deformation. This ensures the preservation of detailed
microstructural features required to evaluate crenulation cleavage development. Below I

present a review of the primary models that have bcen proposed for the geometrical
development of crenulation cleavage. In Chapter 5,I evaluate whether any of these
models are consistent with my observations.
3.1.1.1 Bell and Rubenach (1983) defined 6 stages in the progressive
geometrical evolution of crenulation cleavage (Figure 3.2). These progressive stages
were developed by identifying differcnt crenulation cleavage geometries preserved in the
matrix and in sequentially grown porphyroblasts. The stagcs described by Bell and
Rubenach (I 983) are as follows: I ) the original S I foliation, 2) a crenulation or
microfolding of S1,3) crenulation or microfolding associated with solution/precipitation
facilitated differentiation, 4) growth of new phyllosilicates along the S2 clcavage, 5)
formation of a spaced cleavage with no relic S I in the microlithon and 6) a new
homogenized S2 foliation.
This model of crenulation cleavage development has been generally accepted
(e.g., Passchier and Trouw, 1996). Howevcr, the study of Bell and Rubenach (1 983) was
not conducted across a strain gradient in which all stages of a singlc crenulation cleavage
were preserved.
3.1.1.2 Schoneveld (1 979) presented three different models for crenulation
cleavage development. These geometrical models attempted to explain the 'positive'
sense of apparent rotation that he observed in garnet porphyroblasts in crenulated rocks
from the Swiss Alps (see Figure 3.1). The geometrical treatment of crenulation cleavage
development accounts for material migration to achieve cleavage formation but puts no
physical or chemical constraints on how this mass transfer is achieved. Additionally,
these models do not consider the initiation of microfolding by the
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~icroiithon

P(hyllosi1icate)-domain

Q(uartz/feldspar)-domain

after Bell and Rubenach 1983

Figure 3.2. Six stages of crenulation cleavage developrncnt described by Bell and
Rubenach (1983). Stage 1 : the original S , foliation. Stage 2: crcnulation of S , . Stage 3:
crenulation accompanied by solution/precipitation facilitated diffcrcntiation. Stage 4:
growth of new phyllosilicates along the S2 cleavage,. Stage 5: formation of a spaced
cleavage with no rclic S, in the microlithon. Stage 6: a new hornogcnized S2 foliation.

development of a buckling instability or otherwise (see Hobbs ct al., 1976 for a review of
buckling instabilities and fold geometries). The three models proposed by Schoneveld
dcscribe the progressive development of a crenulation cleavage in three stages: I ) quartz
migration from the limb to the hinge of the microfold, 2) migration of the crenulation
hinges and 3) complete metamorphic differentiation.

Model I: The case where quartz migratesfrom the septa to the microlithons of the
developing crenulation cleavage
In model 1 , flattening is partitioned into the limb (septum) of the microfold. This
shortening is accommodated by the migration of quartz into the microlithon to maintain a
constant hinge width (Figure 3.3). Extension occurs in both thc septa and microlithons.
Extension of the septa is accommodated by the grain scale gliding of the micas (Figure
3.4), whereas extension of the microlithons is achieved by the addition of quartz. The

grain scale sensc of shear on individual mica grains is in the same positive sense as the
flexural flow in the limb of thc fold.

model 2: The case of hinge migration
Model 2 is a continuation of Model 1, whcre the width of the microlithons
decrease and the width of the septa increase (Figure 3.5b). Schoneveld (1979) suggests
that this mechanism operates when all of the quartz has migrated from the scpta to the
microlithons and strain can no longer be accommodated by mass transfer (via the
mechanism in Model 1). Thc width of the microlithons decreascs and the septa width
increases as the hinge of the microfold migrates (Figure 3.5b). During hinge migration,
the length of the septa increases as the lcngth of the microlithons decreascs. Extension of

u2

Figure 3.3. Model of early crenulation cleavage development after Schoneveld (1979).
A) Shows an asymmetric crenulation with material markers (circles) along a line. The
rock is shortened horizontally and extended vertically, decreasing the septa width and
increasing the microlithon height (B). Microlithon width is conserved through the mass
transfer of quartz from the septa to the microlithons. Note that the material markers are
displaced dextralIy in B, though there is no shear flow.

Extension

Extension

Figure 3.4. Diagram of mica grain sliding in the septum of a crenulation cleavage
accommodating horizontal co-axial shortenin Extension of the septum (vertical in this
case) results in the lengthening of the microlit on (line A in diagram). Grain-scale sense
of shear is dextral as opposed to the co-axial bulk sense of shear.

%

afterSchoneveld 7 979

Figure 3.5. Models of progressive crenulation clcavage development aftcr Schoneveld
(1979). The stages include: Hinge migration (A,B) and no material migration (C). A to
B) Shows the geometrical evolution of a crenulation cleavage after most or all of the
quartz in the septa has migratcd to the microlithon. The width of the microlithon
decreascs and the septa length incrcases as the hinge of the microfold migrates. The
volume of quartz in the microlithon (gray) remains constant. C) Continued shortening is
accommodated by the extension of both thc septa and the microlithon. There is no mass
transfer involved in 'C' as the volume of material in the septa and microlithons remains
constant.

the microlithons and migration of the hinge requires an increase in the overall quantity of
quartz in the microlithons as well as a decrease in the width.
Model 3: The case of no migration of material

Model 3 begins to operate when quartz migration from the septa to the
microlithons is complete. Continued shortening is accommodated by the extension of
both the septa and the microlithons (Figure 3.5~).There is no mass transfer involved in
Model 3 as the volume of material in the septa and microlithons remains constant.
Shortening occurs only in the microlithons, and the septa remain constant in length.
3.1.1.3 Williams and Schoneveld (1981). Total porphyroblast rotation produced
by the Schoneveld (1 979) model of crenulation cleavage development (involving slip
along the crenulation cleavage seam) is insufficient to explain apparent porphyroblast
rotation of greater than 90". To address this, Williams and Schoneveld (1981) presented
two models that supplement the earlier models of Schoneveld (1 979). These models
invoke shear along the S1foliation as opposed to the crenulation cleavage seams (Figure
3.6). Their basic model is that flexural slip along the S I foliation causes small microfolds
to form while the whole layer is undergoing shortening. The whole layer then folds and
the microfolds develop into an asymmetric crenulation cleavage with the asymmetry
depending on the fold limb (see Figure 3.1). The starting model is the same as
Schoneveld's Model 1 but to achieve larger garnet rotations, shear is initially
concentrated on the pre-existing foliation. Only after hinge migration begins
(Schoneveld's Model 2), does the slip on S1 in the microlithons cease. The first
supplementary model involves the addition of material (presumably quartz) from an
outside source to maintain microlithon width and allow for an increase in length parallel

to the cleavage seam (Figure 3.6). In the second model there is no migration of quartz
from the limb to the hinge of the microfold or mica from the hinge to the limb.
Progressive shortening in this case is accommodated by the extension of the microlithon
as the volume remains constant (as in Schoneveld's Model 1).

3.1.1.4 Johnson (1999a) proposed a 'back-rotation' mechanism for crenulation
cleavage formation. The 'back-rotation' model is developed from rocks in Cooma,
Australia where meta-turbidites with quartz-rich psammitic bottoms and mica-rich pelitic
tops have been multiply deformed resulting in significant metamorphic differentiation.
The last deformation produced a crenulation cleavage (S4) developed at a high angle to
the pre-existing S3 foliation. The S3 penetrative, spaced cleavage formed at a relatively
low angle to the So bedding and can be traced from the psammitic to the pelitic layers
(Figure 3.7a). Late folding of these rocks produced an asymmetric crenulation cleavage
in the rclatively weaker pelitic layers leaving the psarnmitic layers relatively undeformed
(Figure 3.7b). The obscrvation that the structural facing of S3 changes from the
uncrenulatcd psammite layer to the crenulated pelite layer suggests a 'back-rotation' of
the S3 fabric preserved in the microlithon of the developing crenulation cleavage (Figure
3.7). The angle between the pre-existing foliation and the overprinting crenulation
cleavage (when viewed down the intersection lineation) determines whether a 'backrotation' will occur. If the two fabrics are initially orthogonal, 'back-rotation' will not
occur.

Figure 3.6. Model of crenulation cleavage development after Williams and Schoneveld
(1 981). Shear is taken up along S,. S2 acts as a passive structure during cleavage development.

Figure 3.7. Back rotation model after Johnson (1 999a). The developing crenulation
cleavage (S4) rotates the pre-existing foliation (S3). The initial structural facing of the S3
foliation (in the psammite layer) is dircctcd up whereas Sj preserved in the rotated crenulation hinge is structurally facing down. Thc scnse of shcar along the crenulation limbs
as well as thc rotation of the hinge is shown.

3.1.1.5 Gray (1977, 1979a,b) proposed models for crenulation cleavage
development that involved buckling followed by dissolution of cleavage seam resulting
in the classic crenulation cleavage morphology. Gray's interests in crenulation cleavage
development were in the mechanism of material transfcr, and the influence the initial
physical conditions and degree of anisotropy had on the development of a crenulation
cleavage (Gray, 1977, 1979a,b; Gray and Durney, 1979).
Gray (1977) suggested that crenulation cleavages only form in poly-deformed
rocks and that the pre-existing foliation is the most important parameter controlling the
morphology of a crenulation cleavage. The influence the pre-existing foliation exerts on
the developing crenulation cleavage is two-fold: 1) the mineralogy of the pre-existing
foliation determines the mineralogy of the new crenulation cleavage and 2) the nature of
prior differentiation determines whether crenulation cleavage formation is accommodated
by grain shape changes or whole layer deformation. The geometrical evolution of a
crenulation cleavage in Gray's models is a function of thc starting anisotropy.

3.1.2 Mechanism of crenulation cleavage development
The developrncnt of a crenulation cleavage involves a redistribution of material
(mineral grains or components) and is a coupled mechanical-chemical process.
The dissolution precipitation mechanism of crenulation cleavage development
may be driven by the chemical potential gradient set up by normal stress variations across
a microfold (e.g., Gray, 1979; Gray and Durney, 1979). Chemical potential is a fbnction
of the concentration of the components, and the other intrinsic properties of the rock (i.e.
pressure and temperature). Gray and Durney (1979) suggested that local prcssure
differcnccs across a microfold can crcate a chemical potential gradicnt that drives the

dissolution of material from the limb of the fold and results in precipitation in the hinges.
The stress heterogeneity is the direct result of the anisotropy of the material. In the case
of a developing microfold in a stressed anisotropic medium the normal stress decreases
from the limb to the hinge of the fold. Grain orientations in different parts of the fold
will determine the surface area over which the normal stress is applied (Figure 3.8). The
stress on the grain varies as the sine of the normal stress, thus grains in the limb of the
fold (where the long axes are nearly perpendicular to the applied stress) are more stressed
than the grains in the hinge of the fold.
An assumption in the argument for a stress-induced chemical potential gradient is
that the rock is a statistically homogenous anisotropic material. This is significant in that
the folding models used in support of this mechanism are from theoretical and
experimental studies of buckling instabilities in multi-layer folding (e.g., Cosgrove, 1976;
Gray, 1979 and references therein). Extrapolation to real rocks, where grain-grain
interactions may control the stress heterogencity, is beyond the scope of this thesis.

Mean Chemical Potential of TheoreticalGrains

Figure 3.8. Theoretical grains in a developing crenulation cleavage. The mcan chemical
potential (p)of specific mineral grains is related to the mean normal stress (the sum of
the normal force over the total surface of the grain divided by the total surface of the
grain). a function of grain orientation with respect to ox. If the long axis of an elongate
grain is normal to ox,the surface area over which oxis exerted is greater than if the same
grain were oriented with the long axis parallel to ox. Thus, the normal force exerted on
grain 'C' is greater than on grain 'A' and the relative mean chemical potentials of 'C' is
greater than 'A' (PA< PC).

3.2 Porphyroblast Kinematics
Porphyroblasts are relatively large metamorphic crystals that typically occur in
pelitic schists and gneisses. They are commonly used as metamorphic indicator minerals
to identify metamorphic reactions and the history of metamorphic conditions. Growth of
a porphyroblast during metamorphism commonly results in the inclusion of matrix
minerals. Matrix minerals with a preferred orientation (S,) that are overgrown and
enclosed by a porphyroblast become passive inclusions (S,) that record the structural
fabric and at least part of the matrix mineralogy at the time of porphyroblast growth.
Subsequent deformation of the rock may obliterate the original external matrix foliation
but the porphyroblast, provided it does not deform, will preserve the original foliation.
The geometrical relation between porphyroblast inclusion trails and their matrix
counterparts provide an opportunity to investigate porphyroblast kinematics and
deformation histories.
The relative timing of porphyroblast growth coupled with porphyroblast-matrix
microstructures can be used to reconstruct progressive fabric development (e.g., Bell and
Rubenach, 1983; Reinhardt and Rubenach, 1989; Williams, 1994; Karlstrom and
Williams, 1995). If multiple, syn-kinematic porphyroblast phases grow sequentially, they
provide a usefhl tool for tracking progressive deformation of a rock. Porphyroblasts
grown early during deformation will preserve the early fabric. Subsequent deformation
will alter the matrix foliation, but the fabric preserved in the porphyroblast will be
unaffected. Porphyroblasts grown in succession during a progressive deformation will
provide a series of "snapshots" from which a deformation history can be extracted (e.g.,
Bell and Rubenach, 1983; Reinhardt and Rubenach, 1989). The sequential growth of

porphyroblasts and the associated preservation of structural developrncnt provide a
crucial tool for understanding the temporal links between deformation and
metamorphism. This thesis focuses on porphyroblast kinematics in relation to the
developrncnt of a crenulation cleavage that formed during the emplacement of the
Mooselookmeguntic pluton. In the following section I review the use of porphyroblastmatrix microstructures in evaluating porphyroblast kinematics during deformation
relative to a fixed external reference frame and the relation to the development of a
crenulation cleavage.
Examination of many porphyroblastic schists in thin section shows a marked
angular discordance between trails of inclusions trapped in the porphyroblasts (Si) and
the external matrix foliation (S,) (Figure 3.9). This observation has interested researchers
since at least 1912 when Flett first described spiral-shaped inclusion trails in garnet
porphyroblasts. Subsequently, many publications have addressed the rotation (or lack
thereof) of porphyroblasts (Schmidt, 19 1 8; Zwart, 1960,1962; Roscnfeld, 1970; Bell,
198 1, 1985; Passchier et al., 1992), particularly in relation to folding mechanisms
(Ramsay, 1962; Schoneveld, 1979; Williams and Jiang, 1999; Stallard and Hickey,
2001b; Jiang and Williams, 2004). Below I present a chronologic review of selected
studies that are representative of the various approaches to the problems.

Figure 3.9. Si-Se relationships in a crenulation cleavage. The photomicrograph shows
the commonly observed discordance between the orientation of inclusion trails (Si)
preserved in a porphyroblast and an external foliation (S,).

3.2.1 Early Work

Schmidt (191 8; in Rosenfeld, 1970) suggested that the kinematic behavior of
garnet porphyroblast rotation during simple shear could be modeled by a rigid sphere
rolling between two parallel plates (Figure 3.10). In this case, the shear strain (y) and
angular rotation in radians (SZ) is given by:
SZ=y

(3.1)

A considerable improvement over Schmidt's model was made by Jeffrey (1923, in
Rosenfeld, 1970) who treated the rotation of ellipsoidal particles immersed in a
Newtonian fluid undergoing simple shear (discussed below).
Ramsay (1962) was the first researcher to discuss porphyroblast kinematics with
respect to specific fold models. He suggested that porphyroblasts in the limb of a similar
fold need not rotate relative to one another if the bulk deformation history is coaxial
(Figure 3.11). Additionally, Ramsay (1962) suggested that spiral-shaped inclusion trail
geometries could form by superimposed nonparallel flattening deformations.
Through extensive microstructural analysis in the Pyrenees, Zwart (1 962)
recognized the value of porphyroblasts in evaluating the relative timing between the
development of structural fabrics and the growth of metamorphic minerals (Figure 3.12).
He proposed a classification system for porphyroblasts based on inclusion gcometries and
porphyroblast-matrix rclationships. The three types of porphyroblasts identified were;
pre-, syn-and post-kinematic. Zwart (1 962) also suggested that porphyroblast-matrix
microstructures could be used to identi@ three different deformation paths: 1) shear along
the schistosity, 2) schistosity as a flattening fabric and 3) schistosity as microfolds.
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Figure 3.10. Schematic diagram of early models of porphyroblast rotation. A) Schmidt
(191 8) model of porphyroblast rotation between two rigid planes. B) Rosenfeld (1970)
model of porphyroblast rotation during simple shear in a viscous medium.

from Ramsey 7 962

Figure 3.11. Schematic diagram of Ramsey (1962). The figure illustrates how equant
porphyroblasts can retain consistently oriented inclusion trails during bulk coaxial deformation.

after Zwart, 1962

Figure 3.12. Characteristic porphyroblast-matrix microstructures after Zwart (1962).The
nine microstructures depict the possible relative timing of porphyroblast growth and
deformation.

The three kinematic classifications of porphyroblasts and the three styles of deformation
are combined to produce the porphyroblast-matrix associations depicted in Figure 3.12.
The syn-kinematic porphyroblast in a simple shear deformation (Figure 3.12b)
exhibits spiral-shaped inclusion trail geometry. Rosenfeld (1968, 1970) conducted an
exhaustive analysis of garnet porphyroblasts with spiral-shaped inclusion trails and the
mathematical models governing the kinematics of porphyroblast rotation responsible for
the observed geometry. His construction of concentric brass rings, rotated incrementally
about an axis, was the first model to accurately portray the 3-dimensional geometry of
spiral-shaped inclusion trails in garnet (Figure 3.13). Using these concentric ring models,
he constructed the central inclusion surfaces for rotated garnet porphyroblasts with the
rotation axis parallel to the flow vorticity vector as well as oblique to the shear plane.
Additionally, Rosenfeld (1970) compared Schmidt's rotation model (see above) to
the model of rotation of rigid ellipsoid inclusions in a viscous flow (e.g., Jeffery, 1923;
Figure 3.10). Schmidt's model predicts that shear strain is equal to the rotation of the
porphyroblast (Eq. 3. I), whereas the monoclinic viscous flow model predicts that a
spherical inclusion will only rotate one-half of the bulk shear strain:
n = % y

(3-2)

Rosenfeld presented experimental evidence that equation 3.2 is appropriate to describe
porphyroblast rotation in simple shear flow.
Ghosh and Ramberg (1 976) conducted analog experiments to examine the
reorientation (and deformation) of inclusions in pure-, simple- and general-shear flows.
Their results confirmed Jeffrey's work (see above) and produced inclusion-matrix
geometries that resembled porphyroblast-matrix microstructures found in rocks (e.g.,

oppositely concave microfolds, en-echelon boudinage, and drag patterns of foliation
around rigid porphyroblasts). They also described the relationship between the aspect
ratio of a rigid inclusion and the resulting rotation in flows of pure- andlor simple-shear,
where inclusions with very large aspect ratios will rotate into the flattening plane more
quickly than inclusion with a more cylindrical geometry. The results may be used to
evaluate the rotation of passive markers and porphyroblasts during deformation in rocks.
Schoneveld (1979) presented a thorough investigation of the patterns and
geometry of inclusions in syn-kinematic porphyroblasts. Where Rosenfeld (1 970) only
showed the 3-dimensional geometry of the central surface of inclusions (Figure 3.13),
Schoneveld (1979) showed the 3-dimensional geometry of central as well as non-central
inclusion surfaces. To do this, he built a mechanical model using string, plasticine and
nested brass rings. 'Serial sections7were constructed through a model porphyroblast and
the images were combined to created 3-dimensional, wire-frame, stereographic
projections (Figure 3.14). With this 3-dimensional model, Schoneveld explored the
geometry of inclusion patterns in sections in various angular relationships with the axis of
rotation and the shear plane. Through this investigation he was able to estimate the
rotation axes from 2-dimensional sections of garnets with spiral-shaped inclusion trails.
Additionally, Schoneveld (1 979) presented a model of porphyroblast rotation in
the context of folding and crenulation cleavage development (see Section 3.1.1.2). He
recognized that sigmoidal inclusion trails in garnet porphyroblasts may not be related to
non-coaxial deformation but could be the result of helicitic growth during crenulation
cleavage development. This model attempted to relate the sense of rotation preserved in
the porphyroblasts on thc limbs of folds to the kinematics folding.

Figure 3.13. Model of inclusion surfaces in a rotated garnet after Rosenfeld (1970). The
model is constructed of nested brass rings and illustrates the central inclusion surface of a
garnet with spiral-shaped inclusion trails. The inclusion-surface models a garnet grown
progressively in a deforming matrix.

Figure 3.14. Stereographic wire-diagrams of Schoneveld (1 979). The wire-diagrams are
of non-central inclusion trails of a "spiral" garnet. The lower images represent a more
central inclusion surface than the upper image. See text for discussion of the construction of the "model porphyroblast" from which thcse images are derived.

3.2.2 A New View

Much controversy was generated when Bell (1 985) published a 'radical
reinterpretation' of the concept of porphyroblast rotation during dcformation. He
presented a model of deformation partitioning during progressive bulk inhomogenous
shortening and stated that porphyroblasts will not rotate if deformation is allowed to
partition in this way (Figure 3.15). Bell stated that porphyroblasts control the
deformation partitioning around them by protecting an ellipsoidal portion of the matrix
from the effects of progressive shearing. The progressive shearing strain is taken up
away from the porphyroblast allowing the porphyroblast to remain irrotational during
deformation.
Bell (1 985) questioned the use of S, obliquity with respect to S, as evidence for
the rotation of porphyroblasts relative to one another, suggesting that reactivation of a
preexisting foliation may produce identical geometries. He reproduced figures of
"classic" examples of rotated porphyroblasts from the literature (c.g., Dixon, 1976;
Williams and Schoneveld, 1981) and argued that they may be formed by the overgrowth
of a progressively developing crenulation cleavage.
The most important implication of Bell's hypothesis is that if porphyroblasts do
not rotate relative to a fixed external rcference frame during deformation, they can be
used to determine the deformation history by preserving the original orientation of
structural fabrics in the rock that have been obliterated by subscquent deformation in the
matrix. Bell (1985) does concede that porphyroblasts may rotate relative to a fixed
external rcference frame, but only if the deformation is progressive simple shcar,
precluding partitioning into shortening and shearing components. I-Ie suggested that this

Figure 3.15. Schematic of the distribution of deformation partitioning of non-coaxial
progressive bulk inhomogenous shortening. A) The three zones labeled correspond to
the different way strain is accomodated in the rock: 1) No strain, 2) progressive shortening strain and 3) progressive shearing plus shortening. Increased deformation may
result in another zone (not depicted) of progressive shearing-only strain. B) Shows a
non-coaxial deformation rcpartitioned around a porphyroblast (zone 1). The shearing is
taken up all around the porphyroblast except in zone 2. Zonc 2 represents an ellipsoidal
"island" of matrix that is protected from shearing by thc porphyroblast.

may provide an explanation for the spiral-shaped inclusion trails preserved in garnet
porphyroblasts discussed in detail by Rosenfeld (1970) and Schoneveld (1 979).
Bell et al. (1 986) suggested that porphyroblast growth is commonly syndeformational and that porphyroblasts do not rotate relative to one another during
deformation. They argued that gradients in strain and strain-rates between zones of
progressive shearing and zones of progressive shortening create a strain-induced
chemical potential gradient that drives a dissolution-precipitation mechanism of
differentiation during deformation. Because the zones of progressive shearing (Zone 3,
Figure 3.15) are dorninatcd by dissolution, they suggest that syn-kinematic porphyroblast
nucleation and growth must be restricted to zones of progressive shortening (Zones 1&2,
Figure 3.15). Bell et al. (1 986) also suggested that thc zones of progressive shortcning
are susceptible to microfracturing during deformation which serves to produce a
permeability structure that allows diffusion and mass transport of dissolved components
to the growing porphyroblast. Additionally, they cautioncd that microstructures produced
by deformation partitioning may be misinterpreted as static growth.
Bell and Johnson (1989) conductcd an in-depth microstructural analysis of spiralshaped inclusion trails and found that it was not necessary to invoke a model of
porphyroblast rotation with rcspect to a geographic reference frame to produce the spiralshaped inclusion trails. Rather, multiple, orthogonally-overprinting crenulation cleavages
coupled with episodic porphyroblast growth could theoretically produce smoothly
curving inclusion trails in garnet porphyroblasts (e.g., Figure 20 in Bell and Johnson,
1989).

Bell and Johnson (1989) extrapolated their model of spiral-shaped inclusion trail
formation by orthogonally-overprinting crenulation cleavages to the orogen-scale. They
suggested that progressive orogenesis involves the repetition of a two-stage cycle. The
first stage is shortening and thickening which develops a near-vertical foliation along
with thickening of the orogen. This is followed by the second stage of gravitational
collapse and production of a near-horizontal foliation. Through multiple cycles, it is
possible to produce many orthogonal overprinting fabrics over which a porphyroblast
may grow producing spiral-shaped inclusion trails.
The suggestion by Bell and others (e.g., Bell, 1985; Bell et a]., 1986; Bell and
Johnson, 1989; Bell and Cuff, 1989; Johnson, 1990a,b; Hayward, 1990) that 1)
porphyroblasts do not rotate with respect to geographical coordinates during deformation
and 2) porphyroblasts are always syn-kinematic elicited a critical response from
Passchier et al. (1992). They put forward a critical rcview of the data and assumptions in
the irrotational porphyroblast model and prcsented microstructural evidence that
porphyroblasts can grow post-kinematically. Passchier et al. (1992) challenged Bell's
model for deformation partitioning citing that millipede microstructures, which Bell used
to support the flow partitioning theory, may be formed by a variety of flow geometries
(Figure 3.16). Passchier et al. (1992) contended that although there are natural examples
of rocks with a preferred orientation of porphyroblast inclusion trails that has persisted
through multiple dcforrnations, the orientation of the porphyroblasts with respect to
geographical coordinates is not necessarily unchanged through time.

Figure 3.16. Schematic of the formation of millipede microstructure. Two models of
formation are shown: I) deformation partitioning and 2) unpartitioned deformation (after
Passchier et al. 1992). 1 ) Zones of progressive shearing are partitioned around a porphyroblast creating the millipede microstructure cited by Bell (1981, 1985) as evidence for
deformation partitioning. 2) Three geometries of an unpartitioned flow with a rigid
inclusion that are possible alternatives to millipede microstructure formation: a)pure
shear where the foliation rotates but the inclusion does not, b) simple shear where the
inclusion rotates and c) simple shear where both the inclusion and foliation rotate.

In response to this critical assessment, Bell et al. (1992) presented an historical
summary of their work as well as new data in support of their model. Additionally, Bell
et al. (1992) refbte each point made by Passchier et al. (1992) and rationalize them in the
context of the irrotational porphyroblast model.
With the porphyroblast rotation debate yet unresolved, Johnson (1 993b) compared
two fundamentally opposed models of spiral-shaped inclusion trail formation published
by Bell and Johnson (1989), and Schoneveld (1979). He warned that the use of
porphyroblasts with spiral-shaped inclusion trails must not be used as indicators of shear
sense until a consensus is reached regarding their formation. Johnson (1993b) suggested
that any model for the development of spiral-shaped inclusion trails must adequately
explain at least 9 different microstructural features associated with spiral-shaped
inclusion trails: 1) foliation truncation zones, 2) smoothly curving spiral-shaped inclusion
trails, 3) millipede microstructure, 4) total inclusion-trail curvature in median sections, 5)
porphyroblasts with spiral-shaped inclusion trails that have grown together, 6) evidcnce
for relative porphyroblast displacements, 7) shcar-scnse indicators inside and outside
porphyroblasts, 8) crenulations associatcd with porphyroblasts and 9) geometries in
sections subparallel to the axis of spiral rotation. After a thorough review of these
criteria, Johnson concluded that most/all features of porphyroblasts with spiral-shaped
inclusion trails could be explained by the non-rotational model (Bell and Johnson, 1989)
as well as the rotational model (Schoncveld, 1979).
A further link between crenulation cleavage development and porphyroblast
rotation was explored by Johnson (1999a). He proposed that a non-orthogonal
overprinting of a preexisting foliation by a crenulation cleavage will result in thc rotation

of the crenulated cleavage in the microlithon in a sense oppositc that in the crenulation
septa (Figure 3.17). This 'back-rotation' of the microlithons during the development of a
crenulation cleavage will cause porphyroblasts in the microlithon to rotate with respect to
geographical coordinates. Additionally, the porphyroblasts may rotate with respect to
one another by similar amounts (Figure 3.17). Johnson also noted the tendency for
foliations in crenulation microlithons to 'back-rotate' into an orthogonal geometry with
the crenulation septa so long as the initial overprinting angle was not orthogonal.
Williams and Jiang (1999) emphasized the importance of defining a reference
frame (e.g., geographical coordinates, axial surface foliation of a fold, shcar zone
boundary etc.) when discussing porphyroblast rotation. They constructed a numerical
model to predict the 3-dimensional inclusion trail geomctrics in garnet porphyroblasts
with spiral-shaped inclusion trails for the progressive rotation and growth model
(Schoneveld, 1979) and the irrotational porphyroblast, strain-partitioning model (Bell and
Johnson, 1989). Williams and Jiang (1999) did not account for stretching during
crenulation cleavage development in their model; thercfore their dismissal of Bell and
Johnson (1989) is not valid (Johnson, 1999~).Additionally, Williams and Jiang
discussed the formation of sigmoidal- and spiral-shaped inclusion trails in garnet
porphyroblasts with respect to folding mechanisms. They state that sigmoidal-shaped
inclusion trails (exhibiting <90° of rotation) may be formed by non-coaxial flow during
folding or in a shear zone. Additionally, they suggested "snowball" garnet
porphyroblasts (porphyroblasts with spiral-shaped inclusion trails exhibiting >90° of
apparent rotation) are found exclusively in shear zones wcre the degreelamount of non-

Figure 3.17. Back rotation model after Johnson (1999). Porphyroblasts in the microlithon of the developing crenulation cleavage will rotate with rcspect to a geographical
reference frame, but not with respcct to onc another. Refer to Scction 3.1.1.4 for a discussion of the back rotation mechanism of crcnulation cleavage.

coaxial flow is great enough to produce apparent rotations of over 90'. They presented a
mathematical decomposition of flexural flow (L) during folding:

L=D+W+R

(3.3)

where D is the stretching, W is the shear induced vorticity and CI is the spin. Using this
relationship, they evaluated whether porphyroblasts would rotate with respect to different
reference frames (e.g., geographical coordinates (GC) or the instantaneous stretching
axes (ISA) of the flow; Table 3.1).
Table 3.1. Summary of porphyroblast rotation with respect to specific reference
frames in different flow regimcs (after Williams and Jiang, 1999).
Deformation

Flow
decomposition

Porphyroblast
rotate wrt GC

Porphyroblast rotate
wrt ISA

Coaxial

W=O

Yes

No

Non-Coaxial

W+~=/O

Yes

Yes

Non-Coaxial

W+R=O

No

Yes

In cases where the shear-induccd vorticity is equal but opposite to the spin of the fold
limb, Williams and Jiang (1 999) suggested that it is possible to have porphyroblasts on
opposite fold limbs, with oppositely curving inclusions trail, be irrotational with respect
to geographic coordinates.
3.2.1 -3 Application of Porphyroblast Kinematics
Stallard and Hickey (2001a) cxamined garnet porphyroblasts with spiral-shaped
inclusion trails in the Canton Schist, Georgia exhibiting >90° of rotation and not formed
in a shear zone as suggested by Williams and Jiang (1 999). They suggcst that this

apparent rotation of >90° is a product of multiple overprinting crenulation cleavages
(e.g., Bell and Johnson, 1989; Johnson, 1993b). Porphyroblast inclusion-trail curvature is
determined to be the combination of rotation of: 1) the fold limbs during folding relative
to the irrotational porphyroblast reference frame, and 2) the porphyroblast with respect to
an irrotational fold limb reference frame (Stallard and Hickey, 2001 b). A maximum of
28% of garnet porphyroblast inclusion-trail curvature is due to flexural flow induced
vorticity about the porphyroblast with respect to an irrotational fold limb reference frame.
The theory of rigid object rotation in a general non-coaxial flow was applied to
rocks along the Alpine Fault, New Zealand (Holcombe and Little, 2001). They used Si
and long axis orientations of rotated biotite porphyroblasts to measure the kinematic
vorticity of general-shear deformation along and adjacent to the Alpine Fault. This
vorticity gauge may be applied to any inequant porphyroblasts rotated in a monoclinic
flow. However, they cautioned that care must be taken to correlate the included fabric
(Si) to the external foliation (S,). To conduct this work, a cornputcr program,
GhoshFlow, was developed (see Figure 3.18). Copies of this program can be found at the
website: http://www.earthsciences.uq.edu.au~-rodh/software.
Other workers have also estimated kinematic vorticity from rotated
porphyroblasts (e.g., Beam and Fischer, 1999 using rutile). Beam and Fischer (1999)
used the distribution of the long axes with respect to the shear plane and the aspect ratios
to determine the vorticity. Their study differs from Holcombe and Little (2001) because
they do not use inclusion trails to constrain the initial position of the porphyroblasts
relative to the external foliation.
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Figure 3.1 8. Typical results from GhoshFlow. The Long Axis v. Si orientation in simple
shear (vorticity = 1 ) for two different bulk shear strains (1.5 and 2) is shown. GhoshFlow
can also plot the relationships between aspect ratio, long axis orientation, Si orientation
and calculate the smallest stable axis ratio and its stable orientation.

Most recently, Jiang and Williams (2004) contributcd to thc porphyroblast
kinematics debate by calculating the complex rotational behaviour of elongate rigid
objects during progressive simple shear. They concluded that the 3-dimensional
inclusion trails of such objects (even in simple flows) arc too complex to be interpretable.
Additionally, Jiang and Williams (2004) re-emphasized the need to conserve the
angular momentum of an object embedded in a deforming ductile matrix but notcd that
slip along porphyroblast-matrix interface would lead to complex angular Si - S, relations
not predicted by classical formulations (e.g., Jeffery, 1923; Ghosh and Ramberg, 1976).
This has also been shown in analog cxpcriments (e.g., Marques and Coclho, 2001 ;
Mancktelow et al., 2002; ten Grotcnhuis et al., 2002).
There appears to be, in many rocks, a close spatial and possibly genetic
relationship between porphyroblast growth and crcnulation cleavage developmcnt. Bell
championed the idea that porphyroblasts grow only in the microlithons of developing
crenulation cleavages and do not rotate with respect to a fixcd external reference frame
during deformation. Other workers suggest that porphyroblasts can rotate with respect to
one another and/or an external reference frame during deformation (e.g., Roscnfeld,
1970; Schoneveld, 1979; Johnson, 1999a). These end-member interpretations will be
evaluated for the Mooselookmeguntic aureole in the following section.

Chapter 4: Methods
4.1 Field and Laboratory Methods
Data for this thesis werc derived from two summers of field observations as well
as microstructural analysis fiom over 100 thin sections and some preliminary thermal
modeling. The field work occurred during one week in August 2002 and six weeks in
JuneIJuly 2003. The area covered was small (3km x 3km) allowing for a high sampling
density. The focus of the field work was to determine the structural relationship between
bedding and foliation in the metaturbidites as well as the orientation of an emplacementrelated crenulation cleavage. Thc strike and dip of bedding, S1foliation and the Sz
crenulation cleavage (if present) were measured at each station using a Brunton pockettransit. If a mineral lineation was present, the trend and plunge was measured and
recorded. Additionally, an oriented sample, when feasible, was collected at each station.
Station locations were determined using a Garmin 12 hand-held GPS unit.
The western edge of the study area was defined as the eastern contact of the
Mooselookmeguntic pluton. No samples were collected fiom the pluton and exposure is
very poor. A majority of samples were collected from the 1-1.5km wide aureole of
deformed rock directly adjacent to the pluton. Samples were collected in a series of eastwest transects with one north-south transect at the approximate edge of the deformation
aureole (Figure 4.1). The two main east-west transects (Pleasant Brook and Old Turk)
were chosen because previous mapping (Moench and Hildreth, 1976; Guidotti, pers.
comm.) and reconnaissance field trips suggested long tracts of exposed rock running
approximately perpendicular to the pluton contact. Additional short sampling transects

Figure 4.1. Transect locations in the study area. Transects are shown on the bedrock geologic map and structural measurements of the
study area with station (after Moench and Hildreth, 1976).

were located on ridges and roads where outcrop was previously reported (Moench and
Hildreth, 1976) or suspected. Sample spacing varied with proximity to the pluton
contact. Close to the pluton, where emplacement-related deformation is the most
pronounced, sample spacing was 50m - 200111.

Outside the aureole, sample spacing was

typically 500m.
Samples were collected from outcrop locations by first measuring the strike and
dip of a flat surface on the sample. Sample orientation was measured using the "righthand rule7' where the strike is recorded with the dip to the right. A horizontal strike line
with an arrowhead pointing in the strike direction was then scribed onto the rock with a
permanent marker. The dip was then measured and a mark scribed in the dip direction.
With the orientation mark in place, a sample of at least 15cm x 15cm x 5cm was then
separated from the rock outcrop using a hammer and chisel. Structural data and station
locations are tabulated in Appendix A. After extracting the sample, the orientation mark
was examined to be sure it was intact, the sample number and strike and dip data was
then scribed onto the sample. The sample was then wrapped in newspaper to ensure safe
transport back to the University of Maine for thin sectioning.
Two non-parallel thin sections ("A" and "B") were produced from each sample.
The "A"-section was cut perpendicular to the bedding and SI foliation, and perpendicular
to the crenulation cleavage/Sr intersection lineation (Figure 4.2). If no crenulation
cleavage was present, the section was cut perpendicular to the mineral elongation
lineation. The "B"-section was cut perpendicular to bcdding and S I ,but parallel to the
lineation. If no lineation could be found a third thin section was produced to minimize

Figure 4.2. Schematic of "A" and "B" sections. Thin scctions from rocks with a noticable
crenulation cleavage were cut as depicted above. The "A-section" was cut orthogonal to
the intersection lineation and So/SI. The "B-section' was cut orthogonal to SO/SIand
parallel to the cleavage intersection lineation. Thin sections from rocks without a crenulation cleavage were cut with respect to the mineral elongation lineation and named as
above.

"section effects" when conducting the microstructural analysis. All sections were made
in the Rock Cutting and Thin Scctioning Laboratories at the University of Maine.
To produce each section, it was necessary to cut a 1-inch slab in the "A" and "B"
directions. Cuts were made with a Diamond Pacific Tool Corporation 24-inch, diamondimpregnated, hydraulically-driven, oil-lubricated saw. Next, each slab was cleaned and
visually inspected for the highest conccntration of staurolite porphyroblasts and a 2cm x
3cm area was scribed with a marker. The two slabs and cut away material from each
sample were then pieced back together for re-orientation in a sandbox. The samples were
re-oriented using the strike and dip recorded in the field. The orientation of each cut face
was then measured and recorded. This orientation was transferred to the slab with care
taken that the mark was drawn in the 2x3cm area of the final thin section. Following reorientation, each slab was cut to a 2x3cm billet using a trim saw. Each section was then
taken to the Thin Sectioning laboratory where one side was polished down to 1000-grit
using silicon cai-bide abrasive on a Diamond Pacific Tool Corporation rotating diamond
lapidary wheel. After drying for 24 hours at 100°C to ensure complete water loss, glass
plates were glued to the billet using Paleouse Petropoxy 154 and cured on a hot plate at
135-140" C for at least 15 minutes. A Beuhler Petrothin Thin-Sectioning Machine was
used to cut the samples down to a -1mm thickness with the cut-off saw and ground to
-60-100 microns using the vertical diamond grinding lap. The sections were then hand
polished with 600-grit, followed by 1000-grit silicon carbide sluny to an optically
estimated thickness of 30 microns. At 30 microns, all of the quartz in the sample appears
white to gray in cross polarized light.

The microstructural analysis was conducted using standard petrographic
techniques (e.g., Passchier and Trouw, 1996). Additionally, the orientation of inclusion
trails was measured in each staurolite porphyroblast, as discussed in the following
section.

4.2 Analvtical Methods
The microstructural analysis was conducted using a Nikon Eclipse E600
polarizing-light microscope and a Leica Wild M420 macroscope. Sections were
examined for porphyroblast-matrix relations as well as modal mineralogy and
deformation microstructures. Particular care was taken in noting the gcometry of the
quartz, graphite and ilmenite inclusions (straight or curving) and their continuity with the
surrounding matrix. Analysis of the matrix was primarily a description of the geometry
of the emplacement-related crenulation cleavage (S2) as well as an evaluation of
microstructural evidence indicating a particular deformation mechanism. Any sample
containing staurolite porphyroblasts was marked for the inclusion trail orientation
analysis detailed below. Photomicrographs depicting important structural relations were
taken using a spot@digital micrographic camera and imaging software (Digital
Instruments Inc.) and exported as uncompressed "tagged image file format" (TIFF)
images. Minimal image processing was conducted using the "sharpen" filter and level
adjustment in Adobe Photoshop CS.
To evaluate porphyroblast kinematics during crenulation cleavage development
an inclusion trail orientation analysis was conducted. Staurolite porphyroblasts
throughout the study area overgrew a regionally pervasive, NE-SW trending, steeply
dipping, S1 foliation and preserve straight inclusion trails (see Chapter 5.1). In rocks

unaffected by the pluton-related crenulation cleavage the inclusion trails are continuous
with the matrix, showing little to no deflection at the porphyroblast margin. In the outer
deformation aureole, porphyroblast inclusion trails can be traced from the porphyroblast
to the matrix but may be deflected or bent at the porphyroblast margin. In the inner
aureole, progressive strain during crenulation cleavage development results in the loss of
continuity between inclusion trails and the surrounding matrix. Using the orientation of
planar inclusion fabric from the uncrenulated rocks as a reference, the kinematics of
porphyroblasts in rocks at different stages of crenulation cleavage development may be
evaluated.
The three dimensional orientation of thc planar fabric included in the
porphyroblasts was determined by measuring the inclusion trails from two non-parallel
thin sections (see Figure 4.2). The inclusion trail orientation for each staurolite
porphyroblast in the section was measured with respect to a horizontal datum (the strike
line on the thin section). For proper data format, the orientation must be measured
clockwise from the horizontal when looking down at thc thin section. These pitch data
were then processed using 'Fitpitch', a Fortran-based program developed by D. Aerden
(2003).
FitPitch can be used to separate up to three sets of planar microstructural fabrics
from a thin section. The program uses the pitch data of the intersection lineation of a
planar fabric (S1 in this case) with different thin sections (Aerden, 2003; Figure 4.3a,b).
Best-fit planes are constructed from these pitch data by comparing the measured data to a
series of model-planes (Figure 4 . 3 ~ ) .The number of model-planes that the measured
data are compared to is determined by the desired resolution. This study is investigating

Figure 4.3. Schematic diagram of the construction of average inclusion trail orientation.
Plots were constructed from staurolite porphyroblast inclusion trail orientations from two
non-parallel thin sections. A&B) Shows how inclusion trail pitches are plotted on a lower
hemisphere. C) A best fit plane is then fitted through the pitch data using Fitpitch. D)
The lower hemisphere projection of thc average inclusion trail orientation, section orientation and inclusion trail pitches.

one planar fabric (S1) and therefore the number of theoretical planes is greatly reduced.
The model-plane best fit to the measured data is achieved by approximating a rough bestfit plane and then iteratively refining its orientation (Aerden, 2003).
After the best-fit inclusion trail orientation was calculated by Fitpitch, the data
were plotted on a lower hemisphere equal area projection using Stereonet developed by

R. Almendinger. A scatter of the trend and plunge of each inclusion trail was overIain to
show a qualitative estimate of the spread of the inclusion orientations from the average.
To interpret the data spread from an equal area projection care must be taken to avoid
projection artifacts. The length of a great circle increases with proximity to the primitive
(line of zero dip) so the spread of inclusion trails along shallow planes may be
accentuated.
An analysis of the data (or range) spread was conducted with respect to distance
from the pluton contact. The "A7'-sections (Figure 4.2) were used because they are
orthogonal to the average orientation of the inclusion plane. This minimizes error
associated with apparent dip, yielding values as close as possible to the true spread of the
inclusion trail data. Sections that are nearly parallel to the average orientation of the
inclusion plane have a highly exaggerated data spread because the apparent dip is the
most drastic.

Chapter 5: Analysis and Results
5.1 Microstructural Analysis
Preliminary microstructural observations confirmed the presence of a
progressively developed crenulation cleavage, with fabric intensity increasing toward the
pluton contact. Across this deformation gradient, the range of Si orientations in staurolite
porphyroblasts also appeared to increase toward the pluton. After detailed
microstructural work, I divided the Mooselookmeguntic aureole into 5 zones based on the
stages of crenulation cleavage development (Figure 5.1, Figure 5.2).

5.1.1 Zone 1
Rocks in Zone 1 are the least deformed in the study area and are characterized by
a consistent mineral assemblage and microstructure (described below), a regional NE-SW
trending schistosity (S1)defined by the preferred orientation of muscovite and the
absence of the crenulation cleavage associated with pluton emplacement. Most
importantly, staurolite porphyroblasts overgrew the consistentIy oriented, regional axial
surface foliation resulting in straight inclusion trails that are continuous with the
surrounding matrix foliation. This microstructure is consistent over a large area, and is
used as a "control" to evaluate the structural and metamorphic evolution of crenulation
cleavage development along transects across the M3 thermal gradient that end at the
pluton contact (Figure 5.2a, Figure 5.3).

Figure 5.2. Stages of crenulation cleavage development. Photomicrographs depicting the
different stages of crenulation cleavage development in the aureole of the Mooselookmeguntic pluton. Zone 1 is characterized by the regional S] foliation. Microfolding of S1
defines Zone 2. Migration of quartz and feldspar fiom the limbs to the hinges of the
microfolds results in the metamorphic differentiation characteristic of Zone 3. Continued
deformation and differentiation in Zone 4 result in a break in continuity of the S 1 trace
between the septum and microlithon of the microfolds. Zone 5 is defined by a new
pervasive foliation.

Figure 5.3. Photomicrographs of characteristic Zone 1 microstructures. A) Typical
contact between the psammitic and pelitic layers of turbidite beds that comprise much of
the study area. B) Biotite porphyroblasts are the earliest M2 growth and have, in some
instances, been boudinaged (e.g. Solar, 1999). The biotite "pull-apart" microstructure (see
text for discussion) is characteristic of Zone 1. C) Garnet porphyroblast with an
inclusion-rich core and inclusion-poor rim. The faint mica cap wrapping the garnet
porphyroblast suggests deformation continued after the cessation of garnet growth. D)
Staurolite porphyroblast overgrowing a pelitelpsammite contact as in A. The
porphyroblast preserves the foliation as very straight inclusion trails of elongate quartz
and ilmenite grains. Note the increased density of quartz inclusion where the
porphyroblast overgrew the psammitic layer.
The microstructures found in Coos Canyon are interpreted to represent "regional
fabrics" and the main foliation is designated S1. Staurolite porphyroblasts overgrew and
preserved S, throughout the study area. Therefore, they are used as a "control
microstructure" and tracked through the development of a crenulation cleavage.

Sedimentary bedding (So) is generally steeply-dipping, NE-SW trending and
defined by the repetition of muscovite-rich pelitic layers and quartz-rich psammitic
layers. The pelitic matrix is composed primarily of fine-grained, preferentially oriented
muscovite laths (50-55%), elongate grains of quartz and plagioclase (35%) as well as
lesser amounts of biotite (5-lo%), chlorite (5-lo%), ilmenite (5%) and trace amounts of
graphite, tourmaline, and apatite. The modal mineralogy of the psammitic matrix is
dominated by equant grains of quartz and plagioclase (85-90%) with small laths of
muscovite and biotite as well as fine-grained graphite constituting the remainder of the
layer. Though there is little to no grain size gradation between pelite and psammite
layers, the modal amount of muscovite does gradationally increase across the psamrnitic
bed into the pelite layer. Sharp compositional 'contacts' between pelite and psammite
layers are observed to alternate with these gradational contacts, suggestive of graded
turbidite bedding. Relict sedimentary features, such as finely laminated cross beds, are
also preserved, primarily in the psammitic layers.
The dominant secondary fabric in the matrix of Zone 1 is a foliation, S1,
characterized by the shape prcfcrrcd orientation of muscovitc laths and elongate quartz
and plagioclasc grains with long axes from 1 to 3 mm and axial ratios of 3 to 7. On the
outcrop- to map-scale, S I is axial planar to the NE-SW trending, steeply-dipping, tight to
isoclinal folds found throughout the field area. On the thin-section scale, this sub-parallel
relationship between S1 and So can be clearly seen in Figure 5.3a where the muscovite
laths in the psammitic layer are oblique to thc trace of bedding. Acccssory matrix phases,
such as tourmaline, graphite and ilmenite are generally restricted to less than 0.5 mm in
the longcst dimcnsion but can occur as concentrated bands parallel to the foliation. Little

evidence of dynamic recrystallization is preserved in the matrix, as grain boundaries
throughout the matrix are polygonal with dihedral angles appropriate to the phases in
contact with one another (i.e. 180" dihedral angle between quartz and muscovite).
In Zone 1, biotite, staurolite, garnet and chlorite porphyroblasts preferentially
grew in the pelitic layers as large euhedral crystals, whereas in the psammitic layers
porphyroblasts are commonly sub- to anhedral. Fine-grained biotite-rich layers (1-2 mm
thick) in the psammitic layers may be partially replaced by anhedral staurolite
porphyroblasts. The resulting porphyroblast morphology is, in this case, dictated by the
compositional layering.
In sections cut perpendicular to the mineral elongation lineation, biotite
porphyroblasts are oblate to circular and approximately 0.5 mm in diameter, whcreas
biotite in perpendicular scctions is elongate up to 1.5 cm. This suggests a rod shaped
crystal parallel to, and in some cases defining, the mineral elongation lineation. The
orientation of c-axes of the biotite crystals with respect to the surrounding muscovite
matrix foliation dictates the dominant biotite microstructure. Bladed porphyroblasts with
c-axes perpendicular to the surrounding foliation have quartz-dominated strain-shadows
parallel to the elongation lineation. In contrast, biotite porphyroblasts with c-axes
oriented sub-parallel to the muscovite foliation possess a 'pull-apart' microstructure
(Solar and Brown, 1999). The biotite 'pull-aparts' are characterized by an overall rodshaped structure parallel to the lineation with subequant biotite crystals (0.2-0.6 mm)
separated by infillings of quartz (Figure 5.3b).
Euhedral garnet porphyroblasts with diameters of 1-5 mm are ubiquitous in the
pelitic layers (Figure 5 . 3 ~ ) .Many porphyroblasts have concentrated quartz, plagioclase

and ilmenite in the cores but relatively inclusion-free rims. Inclusion trails are usually
straight and parallel to the matrix foliation, although some trails have a slight curvature.
Garnet porphyroblasts commonly exhibit equant to slightly asymmetric strain shadows
and a wrapping of the S I foliation around the porphyroblast. These 'mica caps' were
likely formed by dissolution of quartz and plagioclase from regions of high stress as
deformation progressed during and after garnet growth.
Large (5-1 5 mm), euhedral staurolite porphyroblasts are commonly present in the
pelite layers throughout the study area. Elongate quartz, plagioclase and ilmenite grains
form straight inclusion trails that are parallel to, and typically continuous with, S, (Figure
5.3d7Figure 5.4a). Although continuity betwccn the inclusion trails and the external
matrix foliation is preserved, there may be a slight deflection of the matrix fabric at the
margin of the porphyroblast owing to strain accumulation after porphyroblast growth.
The grain size and shape of the included quartz, plagioclase and ilmenite is nearly
identical to the size and shape of the samc phases in the matrix. Larger staurolite grains
may also include biotite and garnet porphyroblasts but this is not necessarily sufficient
evidence to determine relative growth timing (e.g., Vernon, 2004). There is little to no
development of mica caps or strain shadows around the staurolite porphyroblasts.
Staurolite porphyroblast growth is generally dictated by the bulk composition of the
surrounding matrix. For example, euhedral staurolite grains growing at the top of a large
mica-rich pelite bed may stop growing along the bedding contact with the overlying
psammite layer (Figure 5.5). Additionally, larger staurolite crystals may overgrow very
fine compositional laycring and cxhibit inclusion-poor zones that are coincident with
mica-rich domains in the adjacent matrix (Figurc 5.5). The most significant feature of

Figure 5.4. Porphyroblast-matrix relations from the study area. Photomicrographs above
show characteristic staurolite porphyroblast inclusion-traillmatrix microstructural
relationships from the Mooselookmeguntic pluton aureole. A) Staurolite porphyroblast
from Zone 1 (see text for discussion) exhibiting Si continuous with the external foliation
S,. B) Staurolite porphyroblast from Zone 4 preserving the only trace of S, in the
sample. Note the lack of continuity between Siand S, and the absence of S, in the matrix.

Figure 5.5. Preferential staurolite porphyroblast growth in the pelitic layer. Note also the
variable concetration of quartz inclusions. Where the staurolite overgrew a mica-rich
pelitic bed, ilmenite is the most common inclusion where as quartz inclusions dominate
in the relict quartz-rich pelite layer.

staurolite porphyroblasts in this zone is that the inclusion trails are remarkably straight
and continuous with the external foliation, showing little or no deflection (Figures 5.3d,
5.4a). This is consistent with very-late synkinematic growth of staurolite during M2
(e.g., Solar and Brown, 1999).
Chlorite porphyroblasts record the final stage of mineral growth in the study area.
Large chlorite plates (0.5-lmm) overgrow S I and contain passive inclusion of quartz
andlor plagioclase and ilmenite continuous with S,. Chlorite may also partially replace
biotite as well as form epitaxial rims around garnet porphyroblasts.
Garnet in this zone commonly shows evidence for at least two episodes of growth.
The first period is typified by the inclusion-rich garnet porphyroblasts with straight to
slightly curved Si. Following the development of mica caps and strain shadows, a second
period of growth consumes the mica caps resulting in an inclusion-poor rim. Unlike the
garnet of Zone 1, no evidence for a second period of staurolite growth has been observed
in this zone.

5.1.2 Zone 2
The Zone 2 microstructural assemblage is defined by the onset of a crenulation of

S1 as seen predominantly in thin section. The straight muscovite-defined matrix foliation
that is characteristic of SI in Zone 1 shows variable amplitude (1 to 10 mm) microfolding
in Zone 2 (Figure 5.2b). This folding appears to be accommodated in thc pelitic layers by
a flexural slip process as there is no evidence of bending of individual muscovite grains,
although there may be minor dissolution of the quartz and plagioclase from the limbs of
the folds. It is interesting to note that the observed deformation is almost exclusively
manifested in the phyllosilicate-rich pelite layers with little visible strain recorded in the

quartz-rich psammite beds. The broad folding is analogous to stage 2 of crenulation
cleavage development as described by Bell and Rubenach (1983) (See Section 3.1 .l.1).
Zone 2 modal matrix mineralogy is similar to that of Zone 1. The pelitic matrix is
composed primarily of muscovite (50-55%), elongate grains of quartz and plagioclase
(30%) as well as lesser amounts of biotite (5-lo%), chlorite (5%), ilmenite (5%) and trace
amounts of graphite, tourmaline, apatite. Porphyroblasts of garnet, staurolite, biotite and
chlorite are also present. SI is characterized by the shape preferred orientation of platy
muscovite and elongate quartz and plagioclase grains with long axes from 1 to 3 mm and
axial ratios of 3 to 6.
Of the porphyroblast phases, biotite shows the most deformation associated with
crenulation development. Commonly, where the strain is focused around the
porphyroblasts, the matrix muscovite forms an anastamosing cleavage that effectively
'rounds off the biotite grains. The resulting porphyroblast texture is that of many semicircular biotite grains in sections cut normal to the lineation. Biotite shows 'crinkling'
where many parallel kink band boundaries are in close proximity to each other. Where
there is extensional strain around the biotite (i.e. near 'pull-aparts'), the crystals are
broken into smaller fragments.
Garnet porphyroblasts typically have inclusion-rich cores dominated by quartz
and plagioclase inclusions and inclusion-free rims. The variably oblique orientation of
the planar to slightly curved inclusion trails with respect to the matrix is similar to the
garnets in Zone 1. The inclusion trails in the Zone 2 staurolite porphyroblasts are straight
and defined by elongate quartz, plagioclasc and ilmenite grains with long axes from 1 to
5 mm and axial ratios of 2 to 3. Inclusion trails in this zone arc still continuous with the

surrounding matrix, but the grains that are transverse to the porphyroblast boundary may
be deflected or bent out into the matrix (Figure 5.6).

5.1.3 Zone 3
Zone 3 is characterized by a well developed crenulation cleavage (Figure 5 . 2 ~ ) .
The buckling characteristic of Zone 2 has progressed to an asymmetric microfold
geometry with a well defined long and short limb. The long limb of each microfold is
mica-rich and the short limb is quartz-rich. Theses limbs correspond to what are
typically referred to in the literature as phyllosilicate domains (P-domains) and quartzfeldspar domains (QF-domains), respectively (e.g., Passchier and Trouw, 1996). The
modal mineralogy of Zone 3 is similar to Zones 1 and 2. However, the distribution of the
phases is different in that there is mineralogical differentiation associated with S2
suggesting dissolution of quartz and feldspar from the limbs of the microfolds and
precipitation in their hinges. In Zone 3 it is possible to follow a continuous trace of the

S1foliation from the septa through the microlithon to the next septa. The crenulation
cleavage at this stage is analogous to stage 3 as described by Bell and Rubenach (1 983).
The porphyroblast phases are similar to Zone 2 and no neocrystallization is
observed. Garnet porphyroblasts possess the inclusion-rich core and inclusion-poor rim
typical of Zones 1 and 2. Staurolite porphyroblasts are sub- to euhedral with extensive
quartz and ilmenite inclusions. Although the S1 matrix foliation is deflected around the
porphyroblasts, it is still continuous with Si in the porphyroblast (Figure 5.7). This
continuity is a defining characteristic of the Zone 3 microstructure.
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5.1.4 Zone 4
A strongly developed, gently northeast dipping, crenulation cleavage is

characteristic of the rocks in Zone 4 (Figure 5.2d). Relatively evenly spaced P-domains
and QF-domains define a spaced cleavage that is axial planar to the microfolds described
in Zone 2 and 3. The P-domains are increasingly differentiated towards the pluton as
most, if not all, of the quartz and plagioclase is removed from these domains, apparently
migrating to the neighboring QF-domains. New biotite and muscovite laths appear to
have nucleated parallel to the limbs of the microfolds to further differentiate the rock. S I
is preserved in the microlithons of the cleavage as evidenced by muscovite grains but an
individual folium cannot be traced from one QF-domain to another through the
intervening P-domain (Figure 5.2d). The crenulation cleavage at this stage is analogous
to stage 4 as described by Bell and Rubenach (1983).
There are three different types of biotite in Zone 4: (1) porphyroblastic, (2)
pseudomorphed and (3) neocrystallized. The biotite porphyroblasts show a decrease in
size to approximately 2 -3 mm in diameter. Additionally, the biotite 'pull-apart'
structures, described for Zones 1 and 2, are absent in this zone. There are 'blebs' of
biotite and quartz, but the polygonal outline and irregular grain boundaries suggest that
these are pseudomorphs after garnet (Figure 5.8a) (e.g., Guidotti and Johnson, 2002).
Biotite is also present in the limbs of the microfolds (see above). The neocrystallized
biotite is optically different from the biotite porphyroblasts found in Zones 1 - 3, in that it
has a darker brown color and a slightly higher birefringence. Zone 4 also lacks chlorite
as a porphyroblastic phase.

Figure 5.8. Photomicrographs of staurolite rims and pseudomorphs. A) Staurolite
porphfioblast with a relatively inclusion-free rim over growing the surrounding
mica-cap. Note also the pseudo-hexagonal 'bleb' of quartz and biotite. This is inferred to
be a pseaudomorph after garnet (see Guidotti and Johnson, 2002 for a discussion of
pseudomorphs in western Maine). B) Another example of post-cleavage development
staumlite rim growth.

The garnet porphyroblasts in Zone 4 exhibit an inclusion-rich corc with straight
inclusion trails and an inclusion-free rim. The crenulation cleavage wraps the garnet
producing mica-rich caps and quartz and plagioclase-rich strain shadows. The change in
staurolite porphyroblast-matrix relationship between Zone 3 and Zone 4 is perhaps the
most dramatic. Staurolite porphyroblasts are euhedral and still possess the straight
inclusion trail geometry defined for Zones 1 - 3, but Si is no longer continuous with S,
(Figure 5.4b). The crenulation cleavage wraps each porphyroblast, and the mica-caps
effectively truncate Si. Interestingly, the long-axis orientation of the staurolite
porphyroblasts, as well as Si, are commonly orthogonal to the wrapping crenulation
cleavage.
A common observation in Zone 4 is that the mica-caps on staurolite

porphyroblasts have been overgrown by rims of inclusion-poor staurolite that are
optically continuous with the inclusion-rich cores (Figure 5.8a,b). There is apparently no
deformation following the growth of these rims. This is a crucial observation in the
aureole as it suggests that pluton-related deformation was complete before the peak
metamorphic growth occurred in these rocks. Timing of this rim growth can provide a
maximum time estimate for the deformation related to pluton emplacement, and strain
rates in the wall rocks may be calculated (Chapter 2; Johnson et al., in prep).

5.1.5 Zone 5
Zone 5, closest to the pluton, is defined by a spaced cleavage to a penetrative
foliation (Figure 5.2e). Where the matrix is a spaced cleavage, sub-parallel biotite and
muscovite lathes are concentrated in P-domains (80% mica) and more diffuse in the QFdomains (1 5% mica). This clcavage differs from the crcnulation clcavage in Zone 4 in

that the biotite and muscovite in the QF domain is sub-parallel to the fabric in the Pdomains (Figure 5.2e). The trace of SI is not preserved in the matrix of Zone 5 as there is
no mica continuity between the P- and QF-domains. Closer to the pluton, the spaced
cleavage becomes "homogenized" where the biotite and muscovite laths are distributed
relatively evenly throughout the rock. The modal mineralogy of Zone 5 is similar to
Zones 1, 2, 3 and 4 where the foliation forming minerals (now muscovite and biotite)
comprise -50% of the bulk rock. The microstructures in Zone 5 are typical of a stage 5
to 6 crenulation cleavage of Bell and Rubenach (1983).
Staurolite and garnet are the only porphyroblasts in Zone 5. Biotite occurs only
as a foliation-defining matrix phase in this zone. Garnet porphyroblasts are generally
subequant, inclusion-poor crystals ranging in size from 1-3 mm. Matrix foliation
wrapping around the garnet is more pronounced in the eastern portion of Zone 5 where
the crenulation cleavage is more differentiated. Extensive foliation wrapping produces a
lenticular strain shadow/porphyroblast structure typical of the porphyroblasts in this zone
(Figure 5.9). Staurolite porphyroblasts in Zone 5 are typically subhedral with lengths of
1-2 mm and axial ratios of typically 2 to 3. The straight inclusion trails preserved in the
staurolite are similar to Si in Zones I - 4. Zone 5 staurolite does not have the rim growths
that are observed in Zone 4; in fact most are smaller than those in Zones 1-4 and some
grains show apparent resorbtion textures (Guidotti and Johnson, 2002). As in Zone 4, the
long axis orientation of the staurolite porphyroblasts, as well as Si, are commonly
oriented at a high angle to the developing crenulation cleavage. Adjacent to the pluton in
the southern part of the study area staurolite is commonly replaced by biotite and
muscovite are undeformed and preserve no trace of the SI foliation (Figure 5.10).

Figure 5.9. Photomicrograph of a staurolite porphyroblast in Zone 5. Dissolution of
quartz and feldspar from areas of high stress result in the concentration of muscovite
forming "mica caps."

Figure 5.10. Photomicrograph of a pseudomorph of staurolite. The pseudomorph is
comprised of biotite, muscovite and sillimanite replacing a staurolite porphyroblast and is
located adjacent to the Mooselookmeguntic pluton. Staurolite is commonly pseudomorphed near the pluton contact along the Old Turk transect and no inclusion trail information is preserved. Scale bar is 5 mm at 2x magnification.

5.2 Inclusion Trail Orientation Analysis
The preservation of a complete deformation gradient in the pluton aureole,
combined with the known original orientations of Si in staurolite porphyroblasts, provides
a rare opportunity to examine porphyroblast kinematics in relation to fabric development.
Porphyroblast inclusion trail orientations have been shown to be relatively consistent
across large geographical areas in multiply deformed rocks (e-g., Bell, 1985; Bell and
Johnson, 1989; Bell et al., 1992; Johnson, 1990a, 1992; Jung et al., 1999; Aerden, 2003).
However, the spread of inclusion trail orientations in individual samples in these studies
is typically large, for example + 40" in the study of Johnson (1990a). To date, no study
has been able to address this sample-scale spread owing to the lack of information about
the original orientation of the foliation now preserved as inclusion trails. As discussed
above, the pre-emplacement orientation of Sl in the study area is known with
considerable confidence, and so the pre-emplaccmcnt orientation of S1 preserved in
staurolite porphyroblasts throughout the aureole is also known. To test porphyroblast
kinematics in the pluton aureole, I prepared two non-parallel thin sections from each
sample collected along the transects shown in Figure 4.1. Sections were cut parallel and
perpendicular to the crenulation cleavage/SI intersection lineation (Figure 5.1 la). The
pitches of Siin staurolite porphyroblasts in each thin section were measured in a
clockwise direction relative to a horizontal datum, looking down at the section (see
Figure 5.1 1b).
The spatial orientations of these pitches were plottcd using lower-hemisphere,
equal area projections. A best fit, 3-dimensional orientation for the inclusion trails was
calculated using FitPitch (see Chapter 3). FitPitch calculates the deviation of the pitch

Figure 5.1 1. Diagram of thin section orientation and pitch measurement. A) Thin
sections from rocks with a noticable crenulation cleavage were cut as depicted above.
The "A-section" was cut orthogonal to the intcrscction lineation and So/Sl. The "Bsection' was cut orthogonal to So/Sl and parallcl to the cleavage intersection lineation.
Thin section from rocks without a crenulation cleavage wcre cut with respect to the
mineral elongation lineation and named as above. B) Staurolitc inclusion trail pitches
were measured in a clockwise sense (looking down) from a horizontal datum. The
diagram shows how mcasurcd pitches can be Inore than 90'.

orientation from a model plane orientation, iteratively minimizing the deviation and then
returning a best-fit plane through the pitch data (Aerden, 2003). Sample locations and
pitch data with calculated S; orientations are shown in Figure 5.12. Figures 5.13 and 5.14
show the equal area projcctions divided up by zone along each transect.
Average inclusion trail orientations are relatively consistent in Zones 1-3 and are
approximately equal to the regional NE-SW, steeply-dipping trend of S,. Close to the
pluton, in Zones 4 and 5, the average inclusion trail orientations change relative to the
regional fabric to an orientation closer to that of the pluton contact. This shift may: 1)
reflect variation in the original orientation of S J ,2) bc partly the result of compound
errors or, more likely, 3) a result of porphyroblast rotation with respect to a geographic
reference frame.
The total uncertainty involved in the inclusion trail orientation data is the sum of
the uncertainties of: 1) sample collection (e3"), 2) reorientation in the sand box (e3"),
3) transfer of the orientation from the sample to the thin section billct (* 1"), 4) transfer
of the orientation from the billet to the thin section (* I") and 5) uncertainty of
orientation mcasurements taken through the microscope (on the order of + lo) (Timms,
2003). The compounding of errors could possibly lead to large total errors, on the order
of =tgo,and are applicable to the average inclusion trail orientations in space shown in
Figures 5.12, 5.13, and 5.14.
However, in an analysis of error associatcd with the spread of inclusion trail
pitches from a single thin section, sample orientation and re-orientation errors can be
disregarded giving a maximum relative angular error of +2" (Timms, 2003). Singlesection pitch data from thc outer aureole (Zones 1-3) show a very tight clustering with the
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Figure 5.13. Stereoplots of average inclusion trail orientation from the Pleasant Brook
transect. Lower-hemisphere, equal area, stereoplots of inclusion trail pitches from multiple non-parallel thin sections from the Pleasant Brook transect through the Mooselookmeguntic aureole. The red line is a cylindrical best fit, constructed using 'Fitpitch', of
the average inclusion trail orientation.
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Figure 5.14. Stereoplots of average inclusion trail orientation from the Old Turk transect.
Lower-hemisphere, equal area, stereoplots of inclusion trail pitches from multiple nonparallel thin sections from the Old Turk Transect through the Mooselookmeguntic aureole. The red line is a cylindrical best fit, constructed using 'Fitpitch', of the average
inclusion trail orientation.

average inclusion trail orientation approximately equal to SI. These data, as shown in
Figure 5.15, show spreads of 1 l0-25" and fall within a horizontal band. The consistent
spread across these zones may reflect: 1) initial variation in the orientation of the S I
fabric preserved in the staurolite porphyroblasts; 2) porphyroblast rotation relative to one
another during the early stages of crenulation cleavage development; or 3) a combination
of the two.
At approximately the Zone 3 1 Zone 4 boundary, the spread of single-section pitch
data increases progressively to a maximum of 80' near the pluton margin. This increase
in the spread of pitches beginning in Zone 4 is a key observation in this study. It allows
us to link porphyroblast kinematics to strain accommodation processes at different stages
of crenulation cleavage development. As discussed above, the transition from Zone 3 to
Zone 4 represents a stage of crenulation cleavage development in which most, if not all,
of the quartz and feldspar have been dissolved from the septum of the crenulation
cleavage and precipitated in the microlithon (Figure 3.2). More importantly, this
transition reflects a break in the continuity of Sl from the microlithons to the septa. The
implications of this observation will be discussed in detail in the following chapter.

Distance from Pluton Contact (km)

Figure 5.15. Spread of inclusion trail orientations through the pluton aureole. Data is
from along two different transects through the aureole of the Mooselookrneguntic pluton.
Each datum represents the spread in inclusion trail orientation from a single thin section.
Given the linear nature of Si and the accuracy of the microscope stage, the error for each
point is no more than +I- 2".

Chapter 6: Discussion
6.1 Testing Models of Crenulation Cleava~eDevelopment
In Chapter 3, I reviewed the principal models found in the literature for the
geometric evolution of crenulation cleavage. These models focus on the early stages of
crenulation cleavage dcvelopment, that is to say thc initiation of microfolding and
subsequent diffcrentiation. Variable rotation of the pre-existing foliation during
crenulation cleavage development is also discussed; no rotation in Schoneveld's (1 979;
Figure 3.3) and Bell's (1986; Figure 3.2) models, synthetic rotation during flexural slip in
Williams and Schoneveld's (1981; Figure 3.6) model and 'back-rotation' in Johnson's
(1 999a; Figure 3.7) model (see section 3.1 for review). Porphyroblasts are commonly
located in the QF-domains of crenulation cleavages and as they grow they commonly
preserve the original matrix foliation as trails of inclusions (Johnson, 1999a). Therefore,
Si orientations from Zones 1-3 in the pluton aureole can be used to evaluate the

kinematics of crenulation cleavage evolution rclative to a fixed external referencc frame.
The spread in inclusion trail orientation from single thin scctions throughout
Zones 1-3 ranges from 11" to 25" (see Figure 5.15). This range in spread from rocks in
the early stages of crenulation cleavage dcvclopment may be the result o f 1) the initial
variation in the orientation of S,; 2) rotation of porphyroblasts relative to one another; or
3) a combination of the two. S I orientations from any given thin section in Zone 1 vary
by no more than 5-10". Therefore, some part of the 25" maximum spread in inclusion
trail orientation, outside of Zone 1, is likely to result from the rclative rotation of
porphyroblasts during progressive crenulation cleavagc dcvclopment. Rotation can bc

due either to the 'back-rotation' model of Johnson (1 999a) or 'synthetic' rotation in the
model of Williams and Schoncveld (1981). These involve rotation with respect to an
external reference frame, which would be expected to result in a rotation of
porphyroblasts with respect to one another within a thin section owing to heterogcneous
partitioning of strain and the variation in shape and orientation of the porphyroblast
population.
In the 'back-rotation' model, the angle of intersection between crenulation
cleavage and SI is important as it constrains the total possible amount of rotation of the
foliation in the crenulation hinge (Johnson, 1999a). Becausc the 'back-rotation' process
tends to rotate the porphyroblasts into orthogonality with the developing crenulation
cleavage, no more than 90" of relative rotation can be expected. For example, an
intersection angle of 70" will produce 20' maximum rotation by a 'back-rotation'
process. The overprinting angle of the crenulation cleavage and the pre-existing S I
foliation in rocks fiom the aureole is between 60" and 70". Therefore, up to 30" of
rotation of staurolite porphyroblasts in thc aurcole can be accounted for by the 'backrotation' mechanism of crenulation cleavage development.
Williams and Schoneveld (1981) suggested that porphyroblast rotation will occur
during microfolding with the variation in the spread of Si due to heterogeneity of the rock
and the location of the porphyroblast on the microfold hingellimb. As discussed in
Section 3.1.1.3, the total amount of porphyroblast rotation predicted by Williams and
Schonevcld's (1981) model can be, unlike Johnson (1 999a) and Schoneveld (1979)'
greater the 90" of relative rotation.

The spread may also reflect the initial variation in the orientation of S1. This
would apply to Bell and Rubenach (1 983) because there is no rotation of the
porphyroblast with respect to an external reference frame. However, as discussed in
Section 5.1, there is no evidence that, in this part of the orogen, the regional foliation
would vary markedly over such a short distance.
Chemical studies to date have shown that there is no significant evidence for a
large percentage volume loss at the outcrop-scale during crenulation cleavage
development (e.g., Worley et al., 1997; Vernon, 1998 for review; Williams et al., 2001).
Although no detailed bulk composition work was conducted in the Mooselookmeguntic
aureole, petrographic observations do not suggest significant change in bulk composition
during progressive fabric development. Therefore, here I assume an approximately
closed chemical system.
From the above discussion, I cannot discriminate between the models of the
geometric evolution of a crenulation cleavage based exclusively on the inclusion trail
orientation data set presented in Section 5.2. A complete analysis of the porphyroblast
kinematics, in addition to the inclusion trail orientations, must include the measurement
of the orientation of So, S1and Sz in thin section, porphyroblast long axis orientation and
the angular relations between the porphyroblast long axis, Si, So, S1,SZ. Although this
might be addressed in a future study, Jiang and Williams (2004) have suggested that the
kinematics of variably oriented, non-spherical particles may be too complex to resolve
from such a data set.

This study presents definitive evidence that porphyroblasts can rotate with respect
to a fixed reference frame during crenulation cleavage development. In that sense, this
work broadly contradicts work presented by T.H. Bell over the past two decades, in
which he suggests that there is no porphyroblast rotation during crenulation cleavage
development owing to deformation partitioning. Possible explanations for how
porphyroblast rotation can occur during crenulation cleavage development are discussed
in the following section.

6.2 Evolution of Deformation Mechanisms During Crenulation
Cleavage Development and Implications for Porphyroblast Kinematics
In Chapter 5 , I showed that a marked increase in the spread of inclusion trail
pitches corresponds to the transition between Zones 3 and 4 of crenulation cleavage
development in the Mooselookmeguntic aureole. This transition is characterized by the
near-complete transfer of quartz and feldspar from the P-domains to the QF-domains.
Here I explore the possibility that this transition from Zone 3 to 4 corresponds to a shif?
in the dominant deformation mechanism from dissolution-precipitation creep to
diffusionldislocation creep, and that this shift in mechanism leads to increased rotation of
porphyroblasts relative to one another.
Crenulation cleavage development involves the progressive transfer of quartz and
feldspar from the developing cleavage domains (P-domains) to the intervening
microlithons (QF-domains). The primary deformation mechanism during this phase of
cleavage development is apparently dissolution-precipitation creep (e.g., Cosgrove, 1976;

Gray and Durney, 1979; Lister and Williams, 1983; Bell and Cuff, 1989, Farver and
Yund, 2000).

Paterson (1995) presented a model for dissolution-precipitation creep that
involves the transfer of material from one solid surface to another through a fluid phase
with material diffusing through the fluid down chemical potential gradients. Paterson
(1995, p. 135) proposed that the strain rate is controlled by the "rate of diffusion within
the 'island' of the assumed 'island and channel' structure of the grain interface." This is
essentially a source/sink diffusion control on deformation during dissolution-precipitation
creep. Although this model is strictly to quartz-water or rocksalt-water systems, it
provides a useful description of the general process. Advection of the pore fluid during
deformation is not considered in the model although it may be an important geological
consideration (Paterson, 1995). According to Paterson, the strain rate and differential
stress can be related by the following equation:

where - is the linear strain rate (s-'), V, is thc molar volume (m3),- is the grain
boundary thickness (m), Dgb is the difhsion coefficient in the grain boundary (m2s-I),R is
the gas constant (mol/kJ°K), T is temperature (OK), 4 is the "island" diameter (m), d is
grain size (m) and ((a3-p)

+ 3(01- 03))is the stress term (Pa), where p is pore-fluid

pressure (Pa). The key parameters controlling strain-rate during dissolution-precipitation
creep are the grain boundary thickness, the island and channel morphology, and the grain
size.
When the crenulation cleavage evolves to the stage where there are no longer
appreciable amounts of quartz and feldspar in the P-domains, dissolution-precipitation
creep can no longer accommodate the strain. At this stage, the principle deformation
mechanism probably changes to a combination of dislocation creep and diffusion creep.

Stress and strain rate in dislocation creep are typically related by an equation of the form
(Hirth et al., 2001):

where - is strain rate (s-I), A is an empirical constant (MPa-"Is), fHZ0 is the fugacity of
water, m is the water fugacity exponent, a is differential stress (MPa); n is the stress
exponent, Q is the activation energy (kJImol); R is the gas constant (mol/kJ°K) and T is
temperature (OK). This characterization of dislocation creep indicates that temperature is
the key parameter in the description of the rheology. An increase in temperature will
exponentially decrease the strength of the rock because the rate of recovery processes is
increased (i.e. rate of migration of dislocations through the crystal increases).
Stress and strain rate in diffusion creep are related by a similar equation (Mei and
Kohlstedt, 2000):

where - is strain rate (s"), o is differential stress, n is the stress exponent, d is grain size
(m), p is the grain size exponent, A is a materials parameter, Q is the activation energy
is
(kJ/mol), P is the confining pressure (MPa), V is the activation volume (m3/mol), hZo
the fugacity of water, r is the water fugacity exponent, R is the gas constant (mol/kJ°K)
and T is absolute temperature (OK). In the diffusion creep regime, grain size is a key
parameter. Diffusion creep, like dislocation creep, is a thermally dependant process, the
rate of which increases exponentially with increasing temperature.
In the early stages of crenulation cleavage development, as the rock is shortening,
mass transfer by dissolution and precipitation is the primary mechanism of strain

accommodation. Cleavage-parallel stretching is accommodated by the mass transfer,
there is little to no reduction in the width of QF-domains, and there is no wrapping of S1
around the porphyroblast (Figure 6.1 a,b). When the progressive cleavage development
reaches Zone 4, the shortening and stretching can no longer be accommodated by mass
transfer (assuming an approximately closed system). This deformation must be
accommodated by another mechanism, most likely a combination of dislocation and
difhsion creep. Deformation in these later stages is evidenced by wrapping of the
developing crenulation cleavage around effectively rigid porphyroblasts (Figure 6. I c).
Although the wrapping of foliation suggests the operation of crystal plastic creep
mechanisms, there is a paucity of evidence for dislocation creep operating in these rocks
(i.e. little to no undulose extinction in quartz, no quartz stringers, no sub-grain rotation
recrystallization of feldspar grains). However, this does not mean that dislocation creep
was not an important deformation mechanism. The thermal evolution of the pluton
aureole may have outlasted the structural evolution (see Chapter 2), aiding the recovery
processes in the rock and eradicating evidence that would suggest a dislocation creep
deformation mechanism during the latter stages of crenulation cleavage development.
Evidence for a diffusion creep deformation mechanism is equally scarce. Such
evidence might include asymmetric overgrowths on quartz and feldspar elongate parallel
to the foliation (cf. Passchier and Trouw, 1996). Although this microstructure is not
readily observable in the rocks from the pluton aureole, this could be investigated using
compositional maps from the electron microprobe (e-g., Williams et al., 2001) and
cathodluminescence.

Stretching Direction

Figure 6.1. Schematic diagram of the evolution of a crenulation cleavage around a rigid
porphyroblast. Deformation in A & B is accomodated primarily by dissolutionprecipitaion mass transfer of quartz and feldspar from the P-domains to the QF-domains.
Continued shortening (horizontal) and stretching (vertical) causes the deforming matrix
to wrap around the rigid porphyroblast (C). This deformation is probably accommodated
by a combination of dislocation- and difision-creep.

The transition from dominantly dissolution-precipitation creep to
dislocation/diffusion creep represents a transition from a dominantly
chemical/metamorphic deformation mechanism to a dominantly mechanical one. The
continued stretching of the rock, past Zone 3, leads to mechanical interaction between the
surrounding foliation and rigid porphyroblasts. The stress couple between the plastically
deforming matrix and porphyroblast, which was previously resolved by mass transfer,
causes the porphyroblast to rotate (Figure 6.2). Porphyroblasts that were elongate in an
orientation oblique to the developing foliation would be forced to rotate so that their long
axis rotates towards the direction of maximum finite elongation (Figure 6.2). I suggest
that this is the primary cause of the increase in scatter of porphyroblast inclusion trail
orientations from the Zone 3 - 4 transition through to the pluton margin (Figure 6.3).
Additionally, Vernon (2004) suggested that the development of the new pervasive
foliation (Stage 6 of Bell and Rubenach, 1983) "could involve a change fi-om stressinduced solution transfer to dominant dislocation creep and recrystallization", lending
additional support to this suggestion.
It is also possible that porphyroblasts rotated as a result of a shear couple at the
porphyroblast margin. Although a number of studies have addresses this issue (e-g., ten
Grotenhuis et al., 2002; Mancktelow et al., 2002), there are typically no reliable vorticity
gauges in crenulated metapelites. In addition, there is typically a lack of microstructural
evidence for highly non-coaxial strain during crenulation cleavage development. There
are no asymmetric shear sense indicators such as porphyroblasts with asymmetric strain
shadows, shear bands, or mica fish (e.g., Passchier and Trouw, I996), and no evidence
for a uniform direction of porphyroblast rotation.

Stretching Direction

Figure 6.2. Schematic diagram as in Figure 6.1 and the implications for shape-controlled
porphyroblast rotation. The model is the same as in Figure 6.1 with the long axis of the
porphyroblast inclined to the developing crenulation cleavage. Deformation in A&B is
accomodated primarily by dissolution-precipitaion mass transfer. Continued shortening
and stretching causes the deforming matrix to wrap around the rigid porphyroblast (C)
accommodated by a crystal plastic mechanism. The resulting stress couple between the
porphyroblast and deforming matrix will cause the shape-controlled rotation of the
porphyroblast. This process may cause the spread in inclusion trail orientations in Zones
4 & 5 of the pluton aureole.
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Figure 6.3. Spread of inclusion trail orientations along two different transects through the
aureole of the Mooselookmeguntic pluton. Each datum represents the spread in inclusion
trail orientation from a single thin section. Increased spread with proximity to the pluton
is interpreted to be the result of a change in the dominant deformation mechanism of
crenulation cleavage development from dissolution-precipitation creep to a combination
of dislocation and diffusion creep. See text for discussion.

Other studies showing consistent inclusion trail orientations over large geographic
areas (e.g., Fyson, 1980; Bell, 1985; Steinhardt, 1989; Johnson, 1990a,b; Aerden, 1995;
Jung et al., 1999) provide an important observation, but are limited in the extent to which
they could evaluate porphyroblast kinematics during crenulation cleavage development.
In these studies, the extent of cleavage development is relatively uniform across the study
area. As such, the original orientation of the porphyroblasts cannot be known, only
inferred from average inclusion trail orientations. Additionally, the stage of crenulation
cleavage development in these studies does not typically progress much past the Zone 3-4
transition presented here, so large relative rotation may not be expected. The spread in
the inclusion trail orientation from individual thin sections is attributed, for example, to
measurement error (e.g., Steinhardt, 1989), original variation of the overgrown foliation
(e.g., Johnson, 1990a), rotation of the foliation due to crenulation prior to porphyroblast
growth (e.g., Johnson, 1990a) and "late brittle-ductile deformation mechanisms" (Aerden,
1995). The results presented in this thesis suggest that the large spread in inclusion trail
orientations from these studies may reflect progressive porphyroblast rotation after the
dissolution-precipitation stages of crenulation cleavage formation were completed.
It is possible to use the porphyroblast long axis measurements and orientations
with respect to the developing crenulation cleavage to evaluate the rotation of elongate
rigid objects in a shear flow using the formulations of Ghosh and Ramberg (1976). Even
so, collection of this type of data does not guarantee that a quantitative measure of the
shear involved in the crenulation cleavage development can be obtained. The complex
rotation history of elongate porphyroblasts during deformation (Jiang, 2001 ; Jiang and
Williams, 2004) and the nature of the stress couple between the porphyroblast and the

matrix (e.g., ten Grotenhuis et al., 2002; Mancktelow et al., 2002) may provide further
complications that render the deformation history difficult to extract.
Microstructural observations and porphyroblast inclusion trail analysis in the
aureole of the Mooselookmeguntic pluton suggest that the development of a crenulation
cleavage differs from normal foliation development in that the beginning stages are
dominated by a dissolution-precipitation accommodation of strain. After that, the rock
deforms by crystal plastic mechanisms (i.e. dislocation creep, diffusion creep). It is this
change in dominant deformation mechanisms that makes crenulation cleavage
development unusual.
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STRUCTURAL DATA
Table A. 1 Porphyroblast inclusion-trail pitch measurements. Abbreviations are as follows:
Dip Dir

=

Dip

=

Pitch

=

FP Trend =
FP PI"^

=

Dip Direction of thin section
Dip of thin section
Pitch measured on thin section
Trend from FitPitch
Plunge from FitPitch
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